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ABS TRACT 

Simple a n a l y t i c a l  r e l a t i o n s h i p s  between g e o p o t e n t i a l  H$ and geo- 
m e t r i c  a l t i t u d e  Z@ f o r  v a r i o u s  l a t i t u d e s  @ a r e  p r e s e n t e d  w i t h  the  
r e q u i r e d  c o n s t a n t s  f o r  r e l a t i n g  Ha t o  Z ,  and Za t o  H a t  each  of e i g h t  
l a t i t u d e s  O o ,  15O, 30°, 45O, 60°, 75O, 90°, and a t  t h e  r e f e r e n c e  l a t i t u d e  
R equa l  t o  45O 32'33" which l a t i t u d e  corresponds t o  t h e  s t a n d a r d  sea -  
l e v e l  g r a v i t y ,  9.80665 m sec'2. Values of HR(Z) were computed f o r  geo- 
m e t r i c  a l t i t u d e s  between 0 and 10,000 km: v a l u e s  of ZR(H) were computed 
f o r  the  e q u i v a l e n t  range of g e o p o t e n t i a l s ,  between 0 and 3900 s t a n d a r d  
g e o p o t e n t i a l  k i lome te r s  (km'). Computed va lues  of Z@ and Ha f o r  the  
o t h e r  l a t i t u d e s  a r e  p r e s e n t e d  as d i f f e r e n c e s  (Z@ - ZR) and(Ha - %) a s  
f u n c t i o n s  of bo th  argument p a i r s  HR(Z) and ZR(H) ,  thereby  l ead ing  t o  
f o u r  s e t s  of t a b l e s .  
cor responding  v a l u e s  from t h e  U .  S. Standard  Atmosphere H s ( Z )  and 
Z s ( H ) .  
a t  ZR = 700 km, whi le  the  d i f f e r e n c e  (ZS - ZR) is shown t o  be 55 me te r s  
a t  the  cor responding  v a l u e  of HR = 630 km'. 

Values of HR(2) and ZR(H) a r e  compared w i t h  the  

These comparisons show the  d i f f e r e n c e  (Hs - HR) t o  be -33 me te r s  
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SECTION I 

INTRODUCTION 

Atmospheric p r o p e r t i e s  a r e  t a b u l a t e d  not  only a s  a f u n c t i o n  of geo- 
m e t r i c  h e i g h t  bu t  f r e q u e n t l y  a s  a f u n c t i o n  of a h e i g h t  parameter c a l l e d  
g e o p o t e n t i a l  H (Ref .  1 through 5 ) .  Geopo ten t i a l  H i s  used a s  an i n -  
dependent v a r i a b l e  because many atmospheric r e l a t i o n s h i p s  a r e  m a t e r i a l l y  
s i m p l i f i e d  by i t s  i n t r o d u c t i o n .  The s i n g l e  v a r i a b l e ,  g e o p o t e n t i a l  H ,  
c an  r e p l a c e  two v a r i a b l e s ,  the a c c e l e r a t i o n  of g r a v i t y  g and the geo- 
m e t r i c  a l t i t u d e  Z. Accordingly ,  d i f f e r e n t i a l  equa t ions  i n i t i a l l y  con- 
t a i n i n g  both  v a r i a b l e s  g and 2 may be r e s t a t e d  i n  terms of the  s i n g l e  
v a r i a b l e  g e o p o t e n t i a l  s o  t h a t  i n t e g r a t i o n  of t h e s e  transformed expres s ions  
i s  much s i m p l e r .  

Most atmospheric models publ i shed  s i n c e  1952, which inc lude  t abu la -  
t i o n s  i n  terms of g e o p o t e n t i a l  ( t h o s e  c i t e d  above) use t h e  s t anda rd  
g e o p o t e n t i a l  meter a s  the  u n i t  of g e o p o t e n t i a l ,  and some of t hese  models 
p rov ide  t a b l e s  f o r  r e l a t i n g  g e o p o t e n t i a l  t o  geometr ic  a l t i t u d e ,  and v i c e  
v e r s a ,  t o  h e i g h t s  of 700 km. These t r ans fo rma t ion  t a b l e s  have u s u a l l y  
been c a l c u l a t e d  f o r  t h a t  s i n g l e  l a t i t u d e  a s s o c i a t e d  w i t h  the  s o - c a l l e d  
s t a n d a r d  s e a - l e v e l  v a l u e  of g r a v i t y  equa l  t o  9.80665 m sec'2. 
s i m i l a r  t r ans fo rma t ion  t a b l e s  a r e  a s s o c i a t e d  w i t h  t h e  above c i t e d  models 
f o r  o t h e r  l a t i t u d e s .  One r e c e n t  s e t  of models (Ref.  6) does d i s t i n g u i s h  
between atmospheric p r o p e r t i e s  a t  15O, 30°, 45O, 60°, and 75O, and 
acco rd ing ly  inc ludes  v a l u e s  of geometric a l t i t u d e  a s  a f u n c t i o n  of geo- 
p o t e n t i a l  argument f o r  each of these l a t i t u d e s .  These t a b u l a t i o n s  a r e  
l i m i t e d  t o  g e o p o t e n t i a l s  between 0 and 90,000 m /  ( excep t  f o r  t h e  model 
d e p i c t i n g  75' l a t i t u d e ,  i n  which case  t h e  t a b u l a t i o n  extends on ly  t o  
31,000 m / ) .  No t a b u l a t i o n s  a r e  given f o r  g e o p o t e n t i a l  a s  a f u n c t i o n  of 
geometr ic  a l t i t u d e  f o r  t h e s e  f i v e  l a t i t u d e s ,  and no t a b u l a t i o n s  of any 
k i n d  a r e  g iven  i n  t h e s e  models f o r  Oo and 90' l a t i t u d e .  

No 

Har r i son  (Ref.  7) i n  a paper adapted  f o r  t h e  Smithsonian Meteorologi- 
c a l  t a b l e s  (Ref.  8) d e s c r i b e s  a simple b u t  a c c u r a t e  method of c a l c u l a t i n g  
g e o p o t e n t i a l  and provides  two t a b l e s :  (1) a t a b u l a t i o n  of g e o p o t e n t i a l  
a t  v a r i o u s  l a t i t u d e s  from Oo t o  900 a s  a f u n c t i o n  of i n t e g r a l  m u l t i p l e s  
of one geometr ic  k i lome te r  between s e a  l e v e l  and 630 km; and (2)  a tabu- 
l a t i o n  ( f o r  t h e  same l a t i t u d e s )  of geometr ic  a l t i t u d e  a s  a f u n c t i o n  of 
i n t e g r a l  m u l t i p l e s  of one g e o p o t e n t i a l  k i lome te r  from s e a  l e v e l  t o  630 
g e o p o t e n t i a l  k i l o m e t e r s .  
however, i s  s l i g h t l y  s m a l l e r  than t h e  c u r r e n t l y  used s t a n d a r d  geopoten- 
t i a l  m e t e r ,  which was f i r s t  def ined i n  t h e  ICAO Standard  Atmosphere 
(Ref.  1). The r e l a t i v e  s i z e  of t h e s e  two u n i t s  of g e o p o t e n t i a l  is  
expressed  by the  r a t i o  9.8/9.80665, whereby the  d i f f e r e n c e  is  about  
0.678 p e r c e n t  of t h e  former.  

The g e o p o t e n t i a l  meter  d e f i n e d  by Har r i son ,  

P r imar i ly  because of t h i s  d i f f e r e n c e  i n  
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b a s i c  u n i t s ,  t h e  Har r i son  t a b u l a t i o n s  a r e  no t  c o n s i s t e n t  w i t h  t h e  r e l a t e d  
t a b u l a t i o n s  of  t h e  United S t a t e s  Standard Atmosphere, 1962 (Ref. 5) and of 
o t h e r  c u r r e n t l y  used model atmospheres. 

Recent a tmospher ic  measurements, p a r t i c u l a r l y  t h o s e  invo lv ing  h igh  
p e r i g e e  s a t e l l i t e s ,  have y i e l d e d  va lues  of a tmospher ic  p r o p e r t i e s  f o r  
a l t i t u d e s  cons ide rab ly  above 630 k i lome te r s ,  and v a r i o u s  a tmospher ic  
models (Ref. 9 and 10) have  consequently been extended t o  a l t i t u d e s  of 
1000 km;, The d e s i r a b i l i t y  of apply ing  t h e s e  models t o  l a t i t u d e s  o t h e r  
t han  45 , p l u s  t h e  l i m i t a t i o n s  of the  e x i s t i n g  g e o p o t e n t i a l  t a b l e s  i n  
p rev ious  p u b l i c a t i o n s ,  has  prompted t h e  c a l c u l a t i o n  of t h e  g e o p o t e n t i a l -  
geometr ic  a l t i t u d e  t a b l e s  which comprise t h e  major c o n t r i b u t i o n  of t h i s  
r e p o r t .  
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SECTION I1 

DEFINITIONS AND METHOD OF CALCULATION 

Geopo ten t i a l  H of a u n i t  mass, a t  a g iven  l a t i t u d e  0, r e la t ive  t o  0 
t h e  r e f e r e n c e  g e o p o t e n t i a l  a t  t h e  e a r t h ' s  s u r f a c e  Z a t  t h e  same l a t i t u d e ,  
varies w i t h  geometr ic  a l t i t u d e  Z and wi th  t h e  a l t i t t d e - d e p e n d e n t  a c c e l e r a -  
t i o n  of g r a v i t y  g,(Z) f o r  t h a t  l a t i t u d e  i n  accordance  w i t h  t h e  fo l lowing  
i n t e g r a  1 equa t ion  : 

0 
Z 

Approaches of c o n s i d e r a b l e  though va ry ing  s o p h i s t i c a t i o n  have been 
employed i n  r e c e n t  y e a r s  i n  t h e  de t e rmina t ion  of  a f u n c t i o n  of Z which 
would p e r m i t  t h e  p e r f e c t  i n t e g r a t i o n  of  Equat ion  (1) and would t h u s  l ead  
t o  numer ica l  va lues  of H (Ref. 2, 3, 4 ,  5, and 7) ,  f o r  s p e c i f i e d  v a l u e s  
of 2. 
as determined by any of t h e s e  methods a r e  very  small compared w i t h  t h e  
u n c e r t a i n t i e s  of t h e  a tmospher ic  p r o p e r t i e s  w i t h  which t h e s e  g e o p o t e n t i a l s  
a r e  commonly a s s o c i a t e d .  Thus, i t  i s  r e a s o n a b l e  t h a t  t h e  s i m p l e r  of t h e s e  
s o p h i s t i c a t e d  methods 
g e o p o t e n t i a l  f o r  u s e  w i t h  atmospheric p r o p e r t i e s  as  i s  t h e  i n t e n t  i n  t h e s e  
t a b l e s .  The most complicated and most s o p h i s t i c a t e d  of t h e s e  r e f e r e n c e d  
methods, t h a t  is ,  t h e  method u s e d  i n  t h e  United S t a t e s  S tandard  Atmosphere 
1962 (Ref. 5), y i e l d s  a v a l u e  of H0 a t  700 km which d i f f e r s  by less t h a n  
0.007 p e r c e n t  from t h a t  computed f o r  t h e s e  t a b l e 6  f o r  t h e  same l a t i t u d e .  

0 The extreme d i f f e r e n c e s  i n  t h e  values of  H0 f o r  a g iven  v a l u e  of 2 

(Ref. 2 and 7 )  b e  employed i n  t h e  c a l c u l a t i o n  of 

A n a l y t i c a l  r e l a t i o n s h i p s  f o r  H0 a s  a f u n c t i o n  of Z,  and f o r  2 as  a 0 
f u n c t i o n  of  H, both  stemming from Equat ion  (l), a r e  a r r i v e d  a t  by 
r e p l a c i n g  g (Z) w i t h  a s p e c i a l i z e d  form of t h e  inve r se - squa re  law p r i o r  
t o  t h e  i n t e g r a t i o n  of Equation (1). The r e s u l t i n g  r e l a t i o n s h i p s  are:  0 

g0 r Z  0 

0 
- 

r + Z '  G H O ( Z )  = H0 = 

3 



and 

r H  0 Z@(H) = Z - 
@ -  

r0 g@ 
- - H  G 

(3 )  

where 

H @ ( Z )  = H0 = geopo ten t i a l  i n  g e o p o t e n t i a l  meters (m') a t  
l a t i t u d e  @ a s  a f u n c t i o n  of geometr ic  a l t i -  
tude,  Z, 

ZO(H) = Z = geometric a l t i t u d e  i n  geometr ic  meters (m) a t  
@ l a t i t u d e  @ as a f u n c t i o n  of g e o p o t e n t i a l  H, 

2 -2  G = 9.80665 m s e c  (m/)-', which v a l u e  i m p l i c i t l y  
d e f i n e s  one s t anda rd  g e o p o t e n t i a l  meter 

g@ = t h e  s e a - l e v e l  v a l u e  of t h e  a c c e l e r a t i o n  of 
g r a v i t y  a t  l a t i t u d e  0,  (m set'*) 

r = t h e  e f f e c t i v e  e a r t h ' s  r a d i u s  f o r  l a t i t u d e  0, 0 
(m) 

For  any l a t i t u d e  0, t h e  v a l u e  of r is g e n e r a l l y  n o t  equa l  t o  t h e  e a r t h ' s  0 r a d i u s  f o r  t h a t  l a t i t u d e ,  bu t  r a t h e r  i s  a q u a n t i t y  c a l c u l a t e d  t o  meet 
c e r t a i n  boundary c o n d i t i o n s  (Ref. 2, Appendix M, and Ref. 7) ,  such t h a t  
t h e  r e l a t i o n s h i p s  of Equat ions (2 )  and (3)  r e t a i n  a h igh  degree  of v a l i d i t y  
over  a n  extended range  of a l t i t u d e s  a t  a l l  l a t i t u d e s .  

0 The v a l u e s  8f g0 and ro a p p l i c a b l e  t o  l a t i t u d e s  0 , 15O, 30°, 45O, 
60°, 75O, and 90 
Table  49, r e s p e c t i v e l y ,  of t h e  Smithsonian Meteoro logica l  Tables  (Ref. 8 ) .  
No  v a l u e  of g 
r e f e r e n c e  l a t i t u d e ,  R = 45 32'  33'' (45.5424'). 

as used i n  t h i s  r e p o r t  were taken  from Table  167 and 

o r  r0 i s  g i  en i n  the  Smithsonian Tab les ,  however, f o r  t h e  9 8 

The r e f e r e n c e  l a t i t u d e  R i s  not  a n  a r b i t r a r y  v a l u e  f o r  which t h e  
a p p r o p r i a t e  v a l u e  of g m u s t  be  found, bu t  r a t h e r  i s  t h e  l a t i t u d e  a s s o -  
c i a t e d  wi th  the s o - c a l l e d  s t anda rd  a c c e l e r a t i o n  of g r a v i t y  equa l  t o  
9.80665 m sec-2 as des igna ted  i n  a l l  Uni ted  S t a t e s  Standard Atmospheres 
publ i shed  a f t e r  1922. I f  t h e  l a t i t u d e  v a r i a t i o n  of the  s e a - l e v e l  v a l u e  
of t h e  a c c e l e r a t i o n  g r a v i t y  i s  assumed t o  fo l low t h e  Lambert equa t ion  
(Ref. 8, page 491), t h a t  is, 

= 9.806160 (1 - 0.0026373 cos 2@ + 0.0000059 cos2  2 0 )  (4) g@ 

4 



the v a l u e  of = 9.80665 m sec2 i s  
found t o  be @ = 45’ 32’ 33’’ = R. t o r  t h i s  l a t i t u d e  w a s  
computed i n  t h e  manner descr ibed  f o r  t h e  computation of v a l u e s  i n  
Smithsonian Table  49 (Ref. 8) or as p rev ious ly  d i scussed  by Minzner and 
Ripley (Ref. 2).  

which s a t i s f i e s  t h i s  equa t ion  f o r  g 
The v a l u e  of r a 

The v a l u e s  of g@ and r a  a s s o c i a t e d  w i t h  t h e  v a r i o u s  l a t i t u d e s  
employed i n  t h e s e  c a l c u l a t i o n s  a r e  l i s t e d  i n  Appendix A. The u s e  of t h e  
p a r t i c u l a r  v a l u e  of ga and ra fo r  l a t i t u d e  R i n  Equat ion (2) y i e l d s  values 
of  5 a s  a f u n c t i o n  of  i n t e g r a l  v a l u e s  of Z .  These corresponding v a l u e s  
of Z and H f o r  l a t i t u d e  R a r e  h e r e a f t e r  r e f e r r e d  t o  a s  ZR and HR and serve 
a s  t h e  f i r s t  argument p a i r  ZR and HR, t h a t  is, t h e  p a i r  i n  which ZR i s  
g iven  i n  i n t e g r a l  m u l t i p l e s  of one geometr ic  meter wh i l e  HR is  expressed  
i n  n o n - i n t e g r a l  m u l t i p l e s  of the  g e o p o t e n t i a l  u n i t .  The use  of t h i s  same 
p a i r  of v a l u e s  f o r  ga and ra ( fo r  l a t i t u d e  R) i n  Equat ion (3)  y i e l d s  
values of ZR as  a f u n c t i o n  of i n t e g r a l  v a l u e s  of H. 
v a l u e s  of  H and Z which h e r e a f t e r  a l s o  bea r  t h e  s u b s c r i p t  R, are d e s i g -  
n a t e d  as  t h e  second argument p a i r  HR and ZR, t h a t  is ,  t h e  p a i r  i n  which 
HR i s  expressed i n  i n t e g r a l  mu l t ip l e s  of one s t anda rd  g e o p o t e n t i a l  meter 
and ZR i s  expressed i n  non- in t eg ra l  m u l t i p l e s  of a geometr ic  meter .  

These cor responding  

The use  i n  Equat ion (3) of t h e  a p p r o p r i a t e  values of ga and r a  suc-  
c e s s i v e l y  f o r  each of t h e  o the r  seven l a t i t u d e s  pe rmi t s  t h e  c a l c u l a t i o n  
of two corresponding s e t s  of va lues  of Z a  a s  a f u n c t i o n  of HR, f o r  each 
l a t i t u d e ,  one set  f o r  t h e  non- in t eg ra l  v a l u e s  of HR from t h e  f i r s t  a rgu-  
ment p a i r ,  and ano the r  s e t  f o r  t h e  i n t e g r a l  values of HR from the second 
argument p a i r .  A cons ide rab le  r e d u c t i o n  i n  t h e  number of  columns of 
t a b u l a r  p r i n t  r e s u l t e d ,  however, by l i s t i n g  v a l u e s  of t h e  d e p a r t u r e  of 
t h e  above v a l u e s  of Z a  from Z ~ i n  t h e  form Z a  - ZR f o r  each of seven 
l a t i t u d e s  as  a f u n c t i o n  of  t h e  v a l u e s  of  HR i n  each of t h e  argument-pair  
sets. 

S i m i l a r l y ,  Equat ion (2) and the a p p r o p r i a t e  v a l u e s  of  ga and re led  
t o  seven sets of d i f f e r e n c e  values ,  Ha - HR, one set  f o r  each l a t i t u d e  
as a f u n c t i o n  of t h e  i n t e g r a l  va lues  of ZR of the f i r s t  argument p a i r ,  
w h i l e  seven a d d i t i o n a l  sets of Ha - HR were computed as a f u n c t i o n  of t h e  
n o n - i n t e g r a l  v a l u e s  of ZR of the second argument p a i r .  Thus, two sets 
of  d i f f e r e n c e s ,  (Za - ZR) and (Ha - HR), a s  w e l l  a s  two sets of argument 
p a i r s  (ZR and HR) and (HR and ZR) l e d  t o  t h e  fou r  t a b l e s  of t h i s  r e p o r t .  

A comparison of t h e  va lues  of g e o p o t e n t i a l  as  a f u n c t i o n  of Z i n  t h e  
1962 United S t a t e s  Standard Atmosphere w i t h  v a l u e s  of HR as  computed by 
Equat ion (2)  f o r  t h e  same va lues  of Z a t  t h e  r e f e r e n c e  l a t i t u d e  R shows 
t h a t  t h e s e  two sets of v a l u e s  of H d e p a r t  s lowly from each o t h e r  i n  
accordance w i t h  some f u n c t i o n  of i n c r e a s i n g  v a l u e s  of 2. The a n a l y t i c a l  
expres s ion  f o r  computing t h e  Standard-Atmosphere v a l u e s  of g e o p o t e n t i a l  
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h a s  n o t  been pub l i shed ,  b u t  Minzner (Ref. 11) has  shown t h a t  t h e  
unrounded Standard-Atmosphere va lues  of g e o p o t e n t i a l  a s  a f u n c t i o n  of Z 
a r e  ve ry  c l o s e l y  approximated by an  empir ica l  func t ion  HS which i s  de f ined  
by t h e  fo l lowing  p a i r  of equat ions :  

and 

where 

gR - - f (Z)  - r R  
HS - rR + 2 G 

(6 ) 
2 3 4 f (Z)  = A + BZ + CZ + DZ + EZ 

r = t h e  v a l u e  of r@ f o r  @ = R 

= t h e  va lue  of g f o r  @ = R 
R 

gR 22 A = 0.4858124 x 10 m /  

B = 0.1338918 x 10 m / / m  

C = 0.1903029 x lo-'' m/ /m 

D = 0.8288881 x m / / m  

E = 0.1822113 x 10 m/ /m 

- 10 

2 

3 

-22 4 

S i m i l a r l y  Minzner (Ref. 10) has  shown t h a t  t h e  unrounded v a l u e s  of 
Standard Atmosphere Z a s  a func t ion  of H a r e  ve ry  c l o s e l y  approximated 
by an empi r i ca l  f u n c t i o n  Zs which i s  de f ined  by t h e  fo l lowing  p a i r  of 
equat ions :  

and 

where 

3 4 f (H) = A /  + B / H  + C/H2 + D / H  + E / H  

A /  = 0.2579651 x m /  

B /  = 0.2161710 x m / / m /  

C /  = 0.1807561 x lom1' m / / ( m / )  

D/ = 0.9153012 x m / / ( m / )  

E /  = 0.2006785 x 10 m / / ( m / )  

2 

3 

- 22 4 
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Since  t h e  1962 Standard  Atmosphere, l i k e  t h e  ear l ie r  S tanda rds ,  
u s e s  9.80665 m s e c 2  a s  t h e  s e a - l e v e l  v a l u e  of t h e  a c c e l e r a t i o n  of 
g r a v i t y ,  t h e  1962 Sta2dard  Atmosphere may be  a s s o c i a t e d  w i t h  t h e  
r e f e r e n c e  l a t i t u d e  45 32' 33", a t  l e a s t  a t  sea l e v e l .  Consequently, 
a comparison of Zs(H) wi th  ZR(H) i n  t h e  form of Z S  - ZR and a com- 
p a r i s o n  of Hs(Z) w i t h  HR(Z) i n  the  form of HS - HR g i v e s  a n  o v e r a l l  
i n d i c a t i o n  of t h e  u n c e r t a i n t i e s  in t roduced  i n t o  t h e  H t o  Z r e l a t i o n s h i p  
by u s i n g  t h e  s i m p l i f i e d  expressions of Equat ions  (2)  and ( 3 )  r a t h e r  than 
t h e  complicated unpublished method used i n  t h e  1962 Standard.  

7 



SECTION I11 

GENERAL D E S C R I P T I O N  OF THE TABLES 

A s  a l r e a d y  i n d i c a t e d ,  t h e  two sets of d i f f e r e n c e s ,  (ZO - ZR) and 
(Ha - HR), a p p l i e d  t o  t h e  two s e t s  of argument p a i r s ,  (ZR and HR) and 
(HR and ZR),  l e ad  t o  f o u r  t a b l e s  each having s e p a r a t e  columns of d i f -  
f e r e n c e s  f o r  each of seven l a t i t u d e s .  Each of  t h e s e  f o u r  t a b l e s  i s  
d i v i d e d  i n t o  a n  "A" s e c t i o n  and a "B" s e c t i o n .  The "A" s e c t i o n s  cover  
t h e  argument range  from 0 t o  1000 km ( o r  km/) w i t h  d i f f e r e n c e s  i n  u n i t s  
of meters ( o r  s t anda rd  g e o p o t e n t i a l  meters). The p a r t i c u l a r  increments 
i n  t h e  "A" s e c t i o n s  of t h e  t a b l e s  a r e  chosen t o  a g r e e  w i t h  t h e  U. S. 
S tandard  Atmosphere Supplements, 1966, (Ref. 12) .  

The "B" s e c t i o n  of each t a b l e  inc ludes  t h e  d a t a  f o r  v a l u e s  of t h e  
argument p a i r s  between 1000 and 10,000 km o r  between 1000 and 3,900 km/. 
A l l  e n t r i e s  i n  t h e  "B" s e c t i o n s  a r e  i n  k i l o m e t e r s  ( o r  S tandard  g e o p o t e n t i a l  
k i l o m e t e r s )  and t h e  number of  s i g n i f i c a n t  f i g u r e s  p re sen ted  d e c r e a s e s  w i t h  
i n c r e a s i n g  h e i g h t  t o  i n d i c a t e ,  a t  least  t o  a f i r s t  approximation, t h e  
deg ree  of u n c e r t a i n t y .  

9 
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SECTION I V  

SPECIFIC DESCRIPTION OF THE TABLES 1 A  AND 1 B  

Tables  1A and 1 B  p r e s e n t  geometric a l t i t u d e  d i f f e r e n c e s  Z$ - Z R  f o r  
v a r i o u s  l a t i t u d e s  0 as a func t ion  of t h e  second argument p a i r ,  t h a t  i s ,  
a s  a f u n c t i o n  of i n t e g r a l  va lues  of,HR. The f i r s t  two columns g i v e  t h e  
v a l u e s  o f  t h e  argument p a i r  HR and ZR r e s p e c t i v e l y ,  and 3 through 9 g i v e  
t h e  cor responding  sets o f  va lues  of  Z a  - Z R ,  one column f o r  each l a t i t u d e  
a s  i n d i c a t e d  i n  t h e  heading. The a d d i t i o n  o f  t h e  a p p r o p r i a t e  v a l u e s  of  
r e f e r e n c e  h e i g h t  ZR t o  t h e s e  d i f f e r e n c e s  l e a d s  t o  v a l u e s  of  Z$ a s  a func- 
t i o n  of  HR, t h a t  i s ,  t h e  same kind of i n fo rma t ion  a s  t h a t  p re sen ted  w i t h  
d i f f e r e n t  g e o p o t e n t i a l  u n i t s  i n  Table  5 1  of  t h e  Smithsonian Meteoro logica l  
Tables  (Ref. 8). 

Column 10 of Table  1A l i s t s  the d i f f e r e n c e s  Zs - ZR where Zs 
approximates  t h e  s e t  of s tandard-atmosphere geometr ic  a l t i t u d e s  co res -  
ponding t o  t h e  independent  se t  of va lues  of HR. The v a l u e s  of  Zs co r -  
responding  t o  HR were n o t  taken d i r e c t l y  from t h e  t a b u l a t i o n s  o f  t h e  
United S t a t e s  S tandard  Atmosphere b u t  from Equat ions  (7) and (8) s i n c e  
(1) n o t  a l l  of  t h e  v a l u e s  of geopo ten t i a l  l i s t e d  a s  HR appear  i n  t h a t  
document and (2) t h e  Standard Atmosphere v a l u e s  Z ( H )  have been rounded 
t o  t h e  n e a r e s t  meter such t h a t  t h e y  a r e  n o t  smooth i n  t h e  scale o f  0.01 
meter as r e q u i r e d  f o r  smooth va lues  of Zs - ZR. This f u n c t i o n  ZS which 
a c c u r a t e l y  f i t s  t h e  Z t o  H r e l a t i o n s h i p  employed i n  t h e  S tandard  Atmos- 
p h e r e ,  1962, pe rmi t s  t h e  recovery of a t  l e a s t  two s i g n i f i c a n t  f i g u r e s  
l o s t  i n  t h e  Standard-Atmosphere procedure  o f  rounding t o  t h e  n e a r e s t  
m e t e r .  Thus, d i f f e r e n c e s  Zs - ZR may c e r t a i n l y  be  t a b u l a t e d  t o  t h e  
n e a r e s t  t e n t h  of  a m e t e r  a s  given. 
Z R  g r e a t e r  t han  700 km because t h e  United S t a t e s  S tandard  Atmosphere 
t e r m i n a t e s  a t  t h a t  a l t i t u d e .  
i n  Table  1 B .  

No v a l u e s  of  Zs - ZR a r e  g iven  f o r  

Consequently no v a l u e s  o f  Zs - ZR appear  

Tables  1A and 1 B  should be u s e f u l  a s  a means of de te rmining  geometr ic  
a l t i t u d e  as a f u n c t i o n  of  g e o p o t e n t i a l  f o r  each of seven  l a t i t u d e s .  With 
l a t i t u d e  used a s  t h e  independent v a r i a b l e ,  t h i s  t a b l e  a l s o  shows t h e  a l t i -  
t u d e  v a r i a t i o n  w i t h  l a t i t u d e  fo r  each of a l a r g e  number of  equa l  geopoten- 
t i a l  s u r f a c e s  having  va lues  expressed i n  i n t e g r a l  m u l t i p l e s  o f  one m / .  

Graphica l  p r e s e n t a t i o n s  of the d a t a  o f  Tables  1A and 1 B  are g iven  i n  
F igu res  1 .1A,  1 . 1 B ,  1 .2A,  and 1.2B. The f i g u r e s  w i t h  "A" d e s i g n a t i o n s  
a r e  l i m i t e d  t o  t h e  d a t a  f o r  t he  r e g i o n  between s e a  level and 1,000 km 
(or km/) while '  t h o s e  w i t h  t h e  "Bl' d e s i g n a t i o n  d i s p l a y  t h e  d a t a  f o r  t h e  
r e g i o n  between s e a  level and 10,000 km (or 3 ,900 km'). 
l e f t  of t h e  decimal  p o i n t  a s s o c i a t e s  t h e  f i g u r e  w i t h  t h e  t a b l e .  The 
d i g i t  "1" t o  t h e  r i g h t  of  the decimal p o i n t  i n d i c a t e s  t h e  independent  

The d i g i t  t o  t h e  
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v a r i a b l e  of t h e  graph t o  be  e i t h e r  geometric a l t i t u d e  o r  geopo ten t?a l ,  
w h i l e  t h e  d i g i t  "2'' t o  t h e  r i g h t  of t h e  decimal p o i n t  i n d i c a t e s  t h e  
independent  v a r i a b l e  o f  t h e  graph t o  b e  l a t i t u d e .  
a r e  n o t  inc luded  i n  any of t h e  f igu res .  

Values o f  Zs - ZR 
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TABLE 1A 

GEOMETRIC ALTITUDE DIFFERENCES BE'IWEEN A SERIES OF GEOPOTENTIAL SURFACES AT 
A REFERENCE LATITUDE, AND THE SAME GEOPOTENTIAL SURFACES AT OTHER LATITUDES, 

INCLUDING THOSE OF THE US STANDARD ATMOSPHERE, 
ALL AS A FUNCTION OF GEOPOTENTIAL, 0 t o  1,000 km/ 

CEOPO- 
T F N T  I AL 

H R ( m /  1 

0 .  
2 5 0 .  
5 0 0 .  
7 5 3 .  

1000. 
1 7 5 0 .  
1 5 0 0 .  
1 7 5 0 .  
2 0 0 0  . 
7 2 5 0 .  

2 5 0 0  
2 7 5 0 .  
3 0 0 0  . 
3 7 5 0 .  
'3500 . 
3 7 5 0 .  
4 0 0 0  
4 2 5 0 .  
4 5 0 0  
4 7 5 9  . 
5 0 0 0  
5 2 5 0 .  
5 5 0 0  
5 7 5 0 .  
6 0 0 0 .  
6 2 5 0 .  
6 5 0 0 .  
675"  
7 0 0 0  
7 2 5 9 .  

7 5 0 0  . 
7 7 5 9 .  
8 0 0 0 .  
8 2 5 0 .  
9 5 0 0  . 
8 7 5 3 .  
9 0 0 n  
9 2 5 0 .  
9 5 0 0  
9 7 5 Q  . 

GEOME T 
AL T I TUDE 

ZR (m' 

0.0 
250.0 
500.0 
750.0  

1000.1 
1250.2  
1500 .3  
1750 .4  
2000.6 
2250.7 

2500.9  
2751.1  
3 0 0 1  0 4  
7 2 5 1  -6 
3501.9 
3752.7 
4002.5 
4252.8  
4503 .1  
4753.5 

5003.9  
5254.3  
5504.7  
5755 .2  
6 0 0 5  - 6  
6 2 5 6  1 
6 5 0 6  - 6  
6 7 5 7  1 
7007 .7  
7258 .2  

7 5 0 8  - 8  
7 7 5 9  - 4  
8010 .0  
8260.7  
8 5 1  1.3 
8762 .0  
9012.7  
9 2 6 3  - 4  
9514 .2  
9764 .9  

0 

Z@ - z R  

0 .O 
0.7 
1.3 
2 .O 
2.7 
3 - 4  
4.0 
4.7 
5 - 4  
6.1 

6.7 
7 04 
8.1 
8 08  
9 e4 

10.1 
10.8  
11 .4  
12.1 
12.8 

1 3  - 5  
14.2 
14 .9  
15.5 
16.2 
16.9 
17 .5  
18.2 
18.9 
1 9  - 6  

20.2 
20.9 
2 1  0 6  
22 .3  
2 2  e9 
23  - 6  
24.3 
25  00 
25.7 
26.3 

1 5  

Z @ - Z R  

0.0 
0.6 
1.2 
1.8 
2.3 
2.9 
3.5 
4. 1 
4.7 
5.3 

5.8 
6.4 
7.0 
7.6 
8.2 

9.4 
9.9 

10.5 
11 .1  

11.7 
12 .3  
12 .9  
13.5 
1/10 1 
14.6  
15.2 
15.8 
16 .4  
17 .0  

17.6 
18.2 
18.8 
19 .3  
19.9 
20.5 
21.1 
21.7 
22.3 
22.9 

8.8 

L A T I T U D E  @ 
30 

4 -'R 

0.0 
0.3 
0.7 
1.0 
1.4 
1.7 
2.1 
2 0 4  
2.7 
3.1 

3.4 
3.8 
4.1 
4.5 
4.8 
5.1 
5.5 
5 - 8  
6.2 
6.5 

4.9 
7 - 2  
7.6 
7.9 
8 - 2  
3 - 6  
8.9 
9.3 
9.6 

10.0 

10.3 
10.7 
31.0 
11.3 
11.7 
12.0 
12.4 
12.7 
13.1 
13.4 

45 

24 -ZR 

0.0 
0.0 
0.0 
0.0 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.1 
0.1 
0.2 
0.2 
0.2 
0.2 
0.2 
0 - 2  
0.2 
0.2 

0.3 
0.3 
O m ?  
0 - 3  
0.3 
0 - 3  
0.3 
0.3 
0.4 
0 - 4  

0 - 4  
0.4 
0 0 4  
0.4 
0.4 
0.4 
0.5 
0.5 
0.5 

( D E G )  
6 0  

'@ -'R 

0.0 
-0.3 
-0.6 
-1.0 
-1.3 
-1.6 
-1.9 
-2.2 
-2.5 
-2 0 9  

-3.2 
-3.5 
-3.8 
-4.1 
-4.4 
-4.8 
-5.1 
-5.4 
-5.7 
-6.0 

-6.4 
-6.7 
-7.0 
-7.3 
-7.6 
-8.0 
-8.3 
-8.6 
-8.9 
-9.2 

-9.6 
-9.9 

-10.2 
-30.5 
-10.8 
-11.2 
-11 .5  
-11.8 
-12.1 

0.5 -12.4 

7 5  

R 

0.0 
-0.6 
-1.1 
-1.7 
-2.2 
-2.8 
-3.4 
-3.9 
-4.5 
-5.0 

-5.6 
-6.2 
-6.7 
-7.3 
-7.8 
-8.4 
-9.0 
-9.5 

-10.1 
-10.6 

-11.2 
-1  1.8 
-12.3 
-12.9 
-13.4 
-14.0 
-14.6 
-15.1 
-15.7 
-16.3 

-16.8 
-17.4 
-17.9 
-18.5 
-19.1 
-19.6 
-20.2 
-20.8 
-21.3 
-21.9 

YO 

@-'R 

0.0 
-0.6 
-1 -3 
-1 - 9  
-2.6 
-3.2 
- 3  - 9  
-4.5 
-5.2 
-5 - 0  

-6.5 
-7.1 
-7  08 
-8 .4 
-9.1 
-9.7 

-10.4 
-1 1.0 
-11.7 
-12.3 

-13.0 
-13.6 
-14.3 
-14.9 
-15.6 
-16.2 
-16.9 
-17.5 
-18.2 
-18.8 

-19.5 
-20.1 
-20.8 
-21  - 4  
-22  . 1 
-22.7 
- 2 3  - 4  
-24  0 
-24  7 
-25.3 

s-' R 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
6.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
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TABLE 1 A  CONTINUED 

GEOPO- G E O M E T .  
TENTTAL ALTITUDE 

LAT I T U D E  @ 
15  30 45 

( DEG) 
6 0  0 7 5  9 0  

H ( m / )  R ZR ( m )  

10015.7 
1 0 2 6 6  0 5  
1 0 5  17.3 
10768 .2  
11C19 00 
11520.8  

S-'R 

7 0 0 0 0  . 
1 0 2 5 0 .  
1 0 5 0 0 .  
1 0 7 5 0 0  
l l O C 0 .  
1 1 5 0 0 .  

27 00 
27.7 
z e  04 
29.1 
29.7 
31.1 

23.5 13.8 0.5 
24.1 14.1 0.5 
24.6 14.5 0 . 5  
25.2 14.8 0.5 
25.8 15.1 0.6 
27.0 15.8 0.6 

-12.8 
-13.1 
-13.4 
-13.7 
-14.0 
-14.7 

-22.4 
-23.0 
-23.6 
-24.1 
-24.7 
-25.8 

-26 0 
-26.7 
-27.3 
-28 . 0 
-28.6 
-29 0 9  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

28.2 16.5 0.6 
29.4 17.2 0.6 
3006  17.9 0.7 
31.7 18.6 0.7 
32.9 19.3 0.7 
34. 1 20.0 0.7 

-31  0 2  
-32  0 5  
-33 09 
-35 2 
-36 5 
-37 8 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1 2 0 0 0 .  
12500.  
1 7 3 0 n .  
1350'). 
14oen .  
1 4 5 0 9  

1 2 0 2 2  0 6  
12524 .6  
13026.6 
13528 .7  
14030 .9  
1 4 5 3 3 .  1 

32.5 
33.8 
35.2 
36.5 
37.9 
39.3 

-15.3 
-16.0 
-16.6 
-17 3 
-17.9 
-18.5 

1 5 0 3 5  0 4  
15537.8  
1 6 0 4 0  3 
1 6 5 4 2  0 9  
17345.5  
17548.3  
1 8 0 5  1.1 
18553 .9  
19056 .9  
19560 .0  

4 0  0 6  
42  0 0  
4 3  04 
44.7 
46.1 
47.5 
48.8 
50.2 
5 1  06 
52 0 9  

35.3 
36 .  5 
37.7 
38.9 
40.0 
41.2 
4 2  . 4 
43.6 
4408  
46.0 

20.7 
21.4 
22.1 
22.8 
23.5 
24.2 
24.9 
25 06 
26.3 
27.0 

0.8 
0.8 
0.8 
0.8 
0.9 
0.9 
0.9 
0.9 
1.0 
1.0 

-19.2 
-19.8 
-20.5 
-21.1 
-21.8 
-22.4 
-23 .1  
-23.7 
-24  3 
-25.0 

-33.8 
-34.9 
-36.0 
-37.2 
-38.3 
-39.4 
- 4 0  0 6  
-41.7 
-42.8 
-44 0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

2 0 0 6 3 . 1  
7 0 5 6 6 0 3  
2 1 0 6 9  06  
2 1 5 7 2  0 9  
2 2 0 7 6  0 4  
22579.9  
2 3 0 8 3 0 5  
23587 .1  
2 4 0 9  0 9 
74594 .7  

54.3 
55.7 
57.1 
58.4 
59.8 
6 1  0 2  
6 2  a6 
63.9 
65.3 
66.7 

47.2 27.7 1.0 
4 8 0 4  28.4 1.0 
49.6 29.1 1.1 
50.8 29.8 1.1 
51.9 30.5 1.1 
53 .  1 31.2 1.1 
54.3 31.9 1.2 
5 5 . 5  32.6 1.2 
56.7 33.3 1.2 
57.9 34.0 1.2 

-25.6 
-26.3 
-26.9 
-2706  
-28.2 
-28.9 
-29.5 
-30.2 
-30.8 
- 3 1  0 5  

-52.3 
-53.6 
-54.9 
- 5 6  0 2  
-57 . 5 
-58.9 
-60  2 
-61.5 
-62.8 
-64  2 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

2 5 0 0 0  
255@O 
2 6 0 0 0  
2 6 5 0 3  
2 7 0 0 0  
2 7 5 0 9  
? R O C 0  0 

2850r )  
2900'7 
2 9 5 0 0  

25098.7  
25602.7 
26  1 0 6  0 7  
26610.9  
27115 .1  
27619.4  
28123.8  
2 8 6 2 8  0 3  
29132.9  
29637.5  

68 .1  
69.5 
70 .8  
72 0 2  
7 3  06 
75.0 
76.4 
77.7 
79 .1  
80.5 

59.1 34.7 1.3 
60.3 35.4 1.3 
61.5 36.1 1.3 
62.7 36.8 1.3 
63.9 37.5 1.4 
65.1 38.2 1.4 
66.3 38.9 1.4 
67.5 39.6 1.4 
68.7 40.3 1.5 
69.9 41.0 1.5 

-32  1 
-32.8 
-33.4 
-34.1 
-34.7 
-35 04 
- 3 6 0 0  
-36.7 
-37.4 
-38.0 

-56.6 
-57.7 
-58.8 
-60.0 
-61.1 
-62  0 3  
-63.4 
- 6 4  0 6  
-65.7 
-66.9 

-6505 
-66.8 
-68 0 2  
-69  5 
-70.8 
-72  1 
-73 . 5 
-74.8 
-76 1 
-77 . 5 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
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T A B L E ,  1 A  CONT INlJED 

GFOPO- 
TFNT I A L  

H ( m / )  
R 

3 0 0 0 0 .  
305 0 3  . 
3 1 0 0 0 .  
3 1 5 0 0 .  
32OCC 
3 3 0 9 9  . 
3 4 C O O  
3=,003 . 
3600r) . 
3700'1 
?pOOn. 
7 9 0 O C  

4OCOO 
41 0 0 3  
4200'3 
47000 
4 4 q 3 n  . 
45'300 
46OO!) 
470CQ . 
4OOOO 
4 9 0 0 0  . 
53'30'3.  
5 1003 . 
5 2 O O O  
5 7 5 0 7  . 
5 4 0 0 3  . 
55009.  
5 6 0 0 0  
57Q')cI . 
5 3 0 0 0  . 
5 0 0 0 7  . 
6 0 0 0 0  
61000. 
6200O 
63000 
6 4 0 0 0  
6 5 0 0 9  
6 6 3 0 0  
6 7 0 0 0  
68OOC 
6 9 0 0 3  

G t O M f  T 
A L  T I TUDE 

Z ( m )  
R 

30142.2  
3 0 6 4 7  0 
31151.9  
31656  0 8  
32161.9  
33172.2  

7 4  1 8 2  0 8  
? 5  193.7 
3 G 2 0 5 0 
37316.6  
3822e.5  
39240.7 

40253.2  
4 1 2 6 6  1 
47279 .3  
43297.8  
4 4 3 0 6  0 6  
45120 .8  
4 6 3 3 5  3 
47 350.0 
4 8 3 6 5  2 
4938'3.6 

50396.3  
51412.4  
5 2 4 7 8  0 8  
5 3 4 4 5  .h 
54462.6  
5 5 4 8 0  00 
5 6 4 9 7  0 7  
575 15 0 7  
5 8 5 3 4 0 
53552.7  

6 0 5 7  1.7 
6 1 5 9  1.0 
62610 .6  
6 3 6 3  0 0 6  
64650 .9  
6 5 6 7 1  05 
66692 .4  
67713 .6  
68735 .3  
6 9 7 5 7  1 

0 

P R  

81.9 
83 .3  
84.7 
86.1 
87.5 
90.2 

9 3  00 
95.8  
9 8  06 

1 0 1  04 
104.2 
107.0 

109.8 
112.6  
115.4 
11e.2 
171.0 
1 2 3  08 
126.6 
129.4 
132.3 
135 .1  

137.9 
140.8 
143.6 
146 0 4  
149.3  
152 .1  
155.0  
157.8  
163.7 
163.5 

166.4  
169.2 
172  1 
175.0  
177.8 
180.7 
183.6 
186.5 
183.3 
1 9 2  0 2  

15 

Z$ -2 
R 

71 .1  
72 .3  
73 .5  
74.7 
7 6 . 0  
78 .4  

80.8 
83.2 
85.6 
8 8 . 0  
90.5 
92.9 

95.3 
97 .8  

100.2 
102 .6  
1 0 5 .  1 
1ci7.5 
110 .0  
112.4 
114.9  
137.3  

119.8 
122.2 
124.7 
1 2 7 . 2  
129.6  
132 .1  
134.6  
137.1  
139.5  
142.0  

144.5 
147.0  
149.5 
151.9  
154.4  
156.9  
159 .4  
161 .9  
164.4  
166.9  

L A T I T U D E  @ ( D E G )  
3 0  

R 

4 1  0 7  
42 .4  
43 .1  
43.8 
44.5 
46 .0  

47.4 
4 8  .R 
50.2 
51 .6  
53.1 
54.5 

55.9 
57.3 
58.8 
60.2 
61.6 
63 .1  
64.5 
65 .9  
67 .4  
68.8 

z p  

70 .3  
71.7 
73 .1  
7 4  06 
76.0  
77.5 
78 .9  
80 .4  
8 1  .B 
83.3 

84.7 
86 .2  
87.7 
89.1 
90.6 
92 .0  
93.5 
95 .0  
96 .4  
97 .9  

45 

R Z@ -2 

1.5 
1.6 
1.6 
1.6 
1.6 
1.7 

1.7 
1.8 
1 . R  
1.9 
1.9 
2 - 0  

2 - 0  
2.1 
2.1 
2 02 
2 .3  
2.3 
2 0 4  
2.4 
2 . 5  
2.5 

2 0 6  
2 .h 
2 0 7  
7 07 
2.8 
7.8 
2.9 
2 0 9  
7.0 
3.0 

3.1 
3.1 
3.2 
3.3 
3.3 
3.4 
3.4 
3.5 
3.5 
3.6 

6 0  

'@ -'R 

-38 . 7 
- 3 9  . 3 
- 4 0  0 
-40.6 
- 4 1  0 3  
-42  0 6  

-43.9 
-45.2 
-46  . 5 
-47 . 9 
-40  2 
-50.5 

- 5 1  0 8  
-53  1 
-54.5 
-55.8 
-57 .1  
-58.4 
-59.8 
-61.1 
-62  04 
-63.8 

-65 1 
-66.4 
-67.8 
-69 1 
-70.5 
-71.8 
-73.1 
-74  . 5 

-77.2 

-78  . 5 
-79.9 
-81.2 
- 8 2  e6 
-83.9 
-85.3 
-86.6 
-88.0 
-89.4 

-75.8 

7 5  

'a -'R 

-68  0 
-69.2 
-70 .3  
-71.5 
-72.7 
-75.0 

-77.3 
-79.6 
-E109  
-84.2 
- 8 6  5 
-88.9 

-91.2 
- 9 3  . 5 
-95.8 
-98.2 

-100.5  
-102.9 
-105.2 
-107.5 
-109.9  
-112.2 

-114.6 
-116 .9  
-119.3  
-121.6 
-124.0 
-126 .4  
-128.7 
-131.1 
-133.5 
-135.8 

-138.2 
-140.6 
-143.0 
-145.3 
-147.7 
-150.1 
-152.5 
-154.9  
-157.3 

40 

L $  -zR 

-78.8 
-80.1 
-81.5 
-82  0 8  
-84  1 
-86 08 

-89.5 
-92.2 
-94.8 
-97 . 5 

-100.2 
-102.9 

-105 0 6  
-108.3 
-111.0 
-113.7 
-116.4 
-1 1 9  1 
-121  08 
-124  5 
-127 3 
-130.0 

-132.7 
-135.4  
-138 1 
-140.9 
-143.6 
-146  3 
-149.1  
-151.8 
-154.6 
-157.3 

-160.1 
-162 0 8  
-165 0 6  
-168 0 3  
-171  . 1 
-173  0 8  
-176.6 
-179  e 4  
-182.1 

-93.7 -159.7 -184.9 

'S -'R 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 1 
0.0 
0.1 
0.1 
0.1 
0.1 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
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TABLF 1 A  CONTINUED 

CEOPO- G E O M E T .  LAT ITUDE @ ( DEG 1 
T E N T  I AL ALT I TUDE 0 15  30 45 6 0  7 5  9 0  

H (m') 
R 

7 0 0 0 0  
7 1 0 0 0 .  
7 7 0 0 9  
7 3 0 0 0  
7 4 0 0 0  
7 5 0 0 0 .  
76COO. 
7 7 0 0 0  0 

7POC0 0 

7 9 n n 0  . 

7 0 7 7 9  0 4  
71801 .9  
72824 .8  
7 3 8 4 8 0 0  
7 4 8 7  1.5 
75835 .4  
7 6 9 1 9  06 
7 7 9 4 4  1 
7 8 9 6 8  0 9  
7 9 9 9 4  1 

195.1 
198.0 
2 0 0 0 9  
203.8  
2 0 6 0 7  
2 0 9  06 
212.5 
215.4 
218.3 
221.2 

169.4  99.4 
172.0 100.9 
174.5 1 0 2 0 3  
177.0 103.8 
179.5 105.3 
182.0 106.8 
184.5 108.2 
187.1 1 0 9 0 7  
189.6 111.2 
192.1 112.7 

R Z+-Z 

3 0 6  -92 .1  
3.7 -93.5 
3.7 -94.8 
3.8 -96.2 
3.8 -97.5 
3.9 -98.9 
3.9 -100.3  
4.0 - 1 0 1 0 7  
4.1 -103.0  
4.1 -104 .4  

-162.1 
-164.5 
-166.9 
-169.3 
-171.7 
-174.1  
-176.5 
-1  7 8  9 
-181.3 
-183.7 

00'3000 8 1 0 1 9 0 6  2 2 4 0 1  194.7 114.2 4 0 2  - 1 0 5 0 8  -18602  
8100r)o 82045 .4  227.1 197.2 115.7 4.2 -107.2 -188.6 
82OPO. 83071.5 2 3 0 0 0  199.7 117.2 4 0 3  -108.5 -191.0 
83C)OO. 84098.6  232.9 262.3 118.6 4.3 -109.9  -193.4 
8 4 0 0 Q e  85124.8  235.8 2 0 4 0 8  12001  4.4 -111.3 - 1 9 5 0 9  
8 5 0 0 0 .  86151.9  238.8 207.4  12106  4.4 -112.7 - 1 9 8 0 3  
8 6 0 0 0 .  87179 .4  2 4 1 0 7  2d9.9 123.1 405 - 1 1 4 0 1  - 2 0 0 0 8  
47009. 88207.2  2 4 4 0 6  212.5  124.6 4 . 5  -115.5 -703.2 
8 9 9 f ) 0 .  89235.3  247.6 215.0 126.1 4.6 -116.8 -205.6 
8 9 9 0 9 0  90263.7 250.5 2 1 7 0 6  127.6 4.7 -118.2 -208.1 

R 
-187 7 
-190.5 
-193.3 
-196.0 
-198.8 
-201  06 
-204.4 
-207 02 
-210.0 
-212.8 

Lo -2 'S-'R 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
002 
0.2 
0.2 
0.2 

-215.6 0.2 
- 2 1 8 0 4  u.2 
- 2 2 1 0 2  0.2 
-224.0 0.2 
-226.9 0.2 
-229.7 0.2 
-232.5 0.2 
- 2 3 5 0 3  0.2 
-238.1 002 
-241.0 002  

90@0(3. 91292.5 253.5 220.1 129.1 4.7 -119.6 -21005  -243.8 0.2 
92OOOo 93351 .0  259.4  225.2 132.1 4.8 - 1 2 2 0 4  - 2 1 5 0 4  - 2 4 9 0 5  0.2 
9 4 0 C n .  95410.8  2 6 5 0 3  230.4 135.1 4.9 - 1 2 5 0 2  - 2 2 0 0 3  -255.2 0.3 
960 '33 .  9 7 4 7 2 0 0  271.2 235.5 138.1 5.0 -128.0 -225.3 -260.9 0.3 
9f3000. 39534.4  277.1 2 ' t0*7  141.2 502 - 1 3 0 0 8  -230.2 -266.6 0.3 

lCCOO0 0 

102000 . 
194OOO 
1 0 6 0 0 3  
10P309 0 

1120oc!  . 
1 1 4 0 0 0 .  
116000 . 
11800C).  

1 i o o q n  . 

1 0 1 5 3 8 0 2  283.1 2 4 5 0 9  1 4 4 0 2  
1 0 3 6 6 9 0 3  289.1  2 5 1 0 0  147.2 
105729.7  2 9 5 0 0  256.2 1 5 0 0 3  
107797.5  301.0  2 6 1 0 4  153.3 
109866.6  3 0 7 0 0  266.6 156.4 
111937.0  3 1 3 0 0  2 7 1 0 8  159.4 
114008.7  319.0 277.1  162.5 
116q81.7  3 2 5 . 1  2 8 7 0 3  16506  
118156 .1  331.1 287.6 168.7 
120231.8  3 3 7 0 2  292.8 1 7 1 0 7  

1 2 0 9 9 0 .  122308.8  3 4 3 0 2  298.1 174.8 
1 2 5 0 0 3 0  1 2 7 5 0 7 0 3  358.5 3 1 1 0 3  182.6 
1300@0. 1 7 2 7 1 4 0 0  373.8 324.6 190.4 
135C)C)O. 137929.2  389.2  338.0 1 9 8 0 2  
1 4 0 0 0 0 .  143152.7 404.6 351.4  206.1 
1 4 5 0 0 0 .  1 4 8 3 8 4 0 7  420.2 364.9 214.0 
1 5 0 0 0 0 0  153625.0  435.8 378.5 222.0 
155OC00 158873 .9  451.5 392.1  2 3 0 0 0  
160009. 164131 .1  4 6 7 0 3  4 0 5 0 8  238.0 
165COC). 169396.9  4 8 3 0 1  419.6  24601  

5.3 - 1 3 3 0 6  -235.1 
5.4 -136.4 -240.1 
5.5 -139.2 - 2 4 5 0 0  
506 -142.1  -250.0  
5 0 7  -144.9  -255.0 
5.8 -147.7 -260.0  
5.9 -150.6 -265.0 
6.1 -153.4  -270.0 
6.2 - 1 5 6 0 3  -275.0 
6.3 -159.1 -280.0 

6.4 
6.7 
7 00 
7.2 
7.5 
7.8 
8.1 
8 04 
8.7 
9.0 

-162.0 
- 1 6 9 0 2  
-176.4  
-183.7 
-191.0 
-198.3 
-205.7 
-213 .1  
-220.5 
-228.0 

-285  1 
- 2 9 7 0 7  
-310.4 
-323.2 
-336.1 
-348.9 
-36  109  
-374.9  
-388.0 
-401.2 

-272 3 
-278.0 
-283.8 
- 2 8 9  5 
-295 3 
- 3 0 1  1 
- 3 0 6  0 9  
-312.7 

- 3 2 4  3 
-318.5 

-330  2 
-344.8 
-359  5 
- 3 7 4  3 
-389  2 
- 4 0 4  1 
- 4 1 9  1 
- 4 3 4  2 
-449  . 4 
-464 6 

0.3 
0.3 
0.3 
0.3 
0.4 
6.4 
0.4 
0.4 
0.4 
0.4 

0.5 
0.5 
0.6 
0 0 6  
0.7 
0.7 
0.8 
0.9 
1.0 
1.0 
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GFOPO- GEOMET. 
TENT I A L  A L T I T U D E  

8 ,  HR (h' 

1 7 0 .  
1 7 5 .  
1 8 0 .  
1 8 5 .  
1 9 0 0  
1 9 5 0  

Z O O .  
2 0 5 .  
2 1 0 .  
21 5 .  
2 2 0 .  
2 2 5 .  
2 3 0 .  
7 3 5  0 

2 4 0  . 
? 4 5  . 
7 5 0 0  
2 5 5 0  
3 6 0  
7 6 5  
7 7 0 .  
2 7 5 0  
78q 
7 3 5  . 
2 9 9  . 
2 9 5 -  

3 0 0 .  
3 1 9 .  
320. 
3 3 3  
3 4 0  0 

150 . 
3 6 0  
3 7 0 0  
3 8 0  0 

3 3 0  0 

4 0 9  
4 1 0 0  
4 2 0 0  
4 3 0  0 

4 4 0  0 

4 5 0  
4 6 0  0 

4 7 0  0 

4 8 9  
4 9 0 0  

t Z d m )  

1 7 4 6 7  1.2 
1 7 9 9 5 4 0 0  
1 8 5 2 4 5  - 4  
190545.4  
195853 .9  
2 0 1  17 1 1 

2 0 6 4 9 6  * 9  
7 1  1 8 3 1  e 3  
2 17 1 7 4  0 5  
222526.3  
227886 .8  
233256 .1  
238634 .2  
2 4 4 9 7 1  0 0  
249416.7  
7 5 4 P 2  1 2 

260234.5 
265656.7  
271087 .8  
276  5 2 7 8 
2 8  1 9 7 6  0 7  
2 8 7 4 7 4 . 7 
2 9 2 9 0 1  -5  
298377 .4  
3O?862 0 4  
3 0 9 3 5 6  3 

3 1 4 8 5 9  - 4  
325892.7  
336962 .7  
348063.4  
3 5 9 2 1 2  0 9  
3 7 0 3 9 3  0 6  
3 8 1 6  11 06 
392867 .1  
4 0 4  1 6 0  2 
4 1  5 4 9  1 1 

4 2 6 8 6 0  2 
4 3 8 26  7 4 
4 4 9 7  1 3  1 
4 6  1 1 9 7  - 4  
472720.5 
4 8 4 2 8 2  - 7  
495884 .0  
507524.8  
5 1 9 2 0 5  2 
5 3 0 9 2 5  0 4  

TABLE 1A CONTINUED 

1 5  

' @ ' R  

433.4 
447  0 3 
461.3 
475.3 
489.4  
503.6 

517.9  
532.7  
54606  
561.1 
575.6 
590.3 
6b4.9 
613.7 
6 3 4 0 5  
6 4 9 . 4  

6 6 4 0 4  
6 7 9 0 5  
6 9 4 0 6  
709.8  
7 2 5 . 1  
740.4  
755.9  
7 7 1 0 4  
786 .9  
a 0 2  06 

818.3 
8 5 0 .  1 
8 8 2 . 0  
914.4  
947 .0  
9 8 0 . 0  

1013.2  
1046.9 
1 0 8 0 0 8  
1 1 1 5 0 1  

1 1 4 9 0 6  
1 1 8 4 0 6  
1219.8 
1255.4  
1291 .4  
1327.7 
1364.3 
1 4 0 1 0 3  
1438.6 
1476.4 

L A T I T U D E  @ ( G E G )  
3 0  4 5  6 0  7 5  9 0  

s - 
254.2 9 0 3  -235.5 -41404 -479.9 
262.4  9.6 -243.0 -427.7 -495.3 
270.5 9.9 -250.7 -441.1 -510.8 
278.8 1 0 0 2  -258.3 -454.5 -526.3 
287.1 1 0 0 5  - 2 6 5 0 9  -468.0 - 5 4 2 - 0  
2 9 5 0 4  1008  -273.6 -481.5 -557.7 

3 0 3 0 8  11.1 
317.2 11.4 
3 2 0 0 6  11.7 
3 2 9 0 1  12.0 
337.6 12.3 
346.2 12.7 
354.8  13.0 
363.5 13.3 
372.1  13.6 
3 8 0 0 9  13.9 

389.7 14.2 
398.5 14.6 
407.4 14.9 
416.3  15.2 
425.3  15.5 
434.2  15.8 
447.3  16.2 
4 5 2 0 4  16.5 
461.5 16.8 
470.7  17.2 

479 .9  
4 9 8 0 5  
517.3 
536.2 
555.4  
5 7 4 0 7  
594.2  
6 13.9 
6 3 3 0 8  
653 .9  

674.2 
694.6  
715 .3  
736 .2  
757 .3  
7 7 8 0 6  
800.1 
8 2 1  07  
8 4 3  - 6  
865.7 

1 7 - 5  
18.2 
18  * 9  
19.6 
20.3 
2 1  - 0  
21 07 
22  0 4  
2 3 0 1  
23.9 

- 2 8 1  - 4  
-289.2 
-297.0 
- 3 0 4  - 9  
-312.7 
- 3 2 0 0 7  
- 3 2 8 0 7  
- 3 3 6 0 7  
-344 0 7  
- 3 5 2 0 8  

-361.0 
-369.1 
-377.3 
-385  06 
-393.9 
- 4 0 2  - 2  
- 4 1 0 0 6  
-419.0 
-42  7 5 
-436.0 

-444 . 5 
-461.7 
- 4 7 9  1 
-496.7 
-514.4 
-532.3 
-550.4 
- 5 6 8 0 6  
-587  0 0  
-605.6 

-495.2 

-522.6 
-508  . 9 

-536.4 
-550.4 
- 5 6 4 0 3  
-578.3 
-592  . 5 
- 6 0 6  6 
-620.9  

- 6 3 5 0 2  
- 6 4 9  5 
- 6 6 4  0 0 
- 6 7 8 0 6  
- 6 3  3 0 1 
- 7 0 7 0 8  
- 7 2 2 0 5  
-737.4 
-752.2 
-767.2 

-573  0 4  
-589  . 3 
-605 3 
-62  1 3 
-637.4  
-65305  
-669  8 
-686 1 
-702 0 5  
-719.0 

-735 0 6  
-752 0 2  
-769  0 
- 7 8 5 0 8  
-802  0 7  
-819.7 
-836.7 
-853.9 
-87 1 . 2 
-888  5 

R 

1.1 
1.2 
1.3 
1.4 
1 .!J 
1.6 

1.7 
1.8 
2.0 
2.1 
2.2 

2.5 
2.7 
2.8 

2 0 4  

3.3 

3.2 
3.4 
3.5 
3.7 
3.9 
4.2 
4.4 
4 0 6  
4.8 
5.1 

5.3 
5.9 
6.4 
7 .  1 
7.7 
8.4 
9 .  1 
9.9 

10.8 
11.7 

12.6 
13.6 
140 7 
15.8 
17.0 
18.2 
190 5 
20.9 
22.4 
23.9 

17 



TABLE 1 A  CONCLUDED 

GFOPO- G E O M F T .  
T F N T  I A L  ALTITIJDF 

HR (km‘ ZR (a) 

LATITUDE @ ( D E G )  
1 5  30 4 5  6 0  7 5  9 0  0 

-‘R 2 @-zR R Z @  -z z -z ( O R  
5 0 0  
51 0 .  
5 2 0 .  
5 3 0  . 
5 4 0 .  
5 5 0 .  
5 6 0  0 

5 7 0  
5 8 0 0  
5 9 0  

542685.6 
554486 .1  
5 6 6  3 2 7  0 
5 7 8 2 0 8  0 5  
590130 .9  
602094 .4  
6 1 4 0 9 9 0 1  
6 2 6  1 4 5  3 
6 3 8 2 3 3 . 3  
6 5 0 3 6 3  1 

1 7 4 4 0 0  
1788 .2  
1832.9  
1 8 7 8  e @  

1 9 7 3  06 
1969.5 
2015.9 
2 0 6 2  8 
2110.0 
2 1 5 7 0 8  

1514.4 
1552.8 
1591.7 
7630.8 
1670 .4  
1710.3 
1750.6 
1791.3 
1832.3 
1873.8 

8 8 8 0 1  32.4 -822.3 
910.5 33.2 -843.2 
933.3 34.1 -864.2 
956.3 34.9 -885.4 
979.5 35.8 - 9 0 6 0 9  

1002.9 3 6 0 6  - 9 2 8 0 6  
1026.5 37.5 -950.4 
1050.4 38.3 -972.5 
1 0 7 4 0 4  39.2 -994.8 
1098.7 40.1 - 1 0 1 7 0 3  

- 1 4 4 6 0 8  -1675 0 4  
-1483.5 -1717.9 
-1520.5 -1760.8 
-1557.8 -1804.0 
-1595.6 - 1 8 4 7 0 7  
-1633.7 -1891.9 
- 1 6 7 2  1 -1936 0 4  
- 1 7 1 0 0 9  -1981.3 
-1750.1 - 2 0 2 6 0 7  
-178907  -2072.5 

600. 
6 1 0 .  
6 2 0  
6 3 0 .  
6 4 0 .  
6 5 0 0  
6 6 0  0 

6 7 0  
6 8 3 .  
6 9 3 .  

6 6 2 5 3 5  1 
6 7 4 7 4 9  04 
687006 .4  
699306 .1  
7 1  1648.8 
724034 .8  
7 3 6 4 6 4  4 
7 4 8 9 3 7  0 6  
761454 .8  
7 7 4 0  1 6  2 

2206.0 
2 2 5 4 7 
2303.8  
2353.4  
2403.4  
2454.0 
2504.9  
2556.4 
2 6 0 8  0 4  
2660.8 

1915.7 1123.2 41.0 -1040.0 -1829.6  - 2 1 1 8 0 7  
1957.9 1148.0 41.9 -1062.8 -1869.9 -2165.3 
20GU.5 1173.0 42.8 -1086.0 -1910.6 -2212 0 5  
2043.6 1198.2 43.7 -1109.3 -1951.6 -2260.0  
2097.1  1223.7 44.7 -1132.9 -1993.0 - 2 3 0 8 0 0  
2131.0 1 2 4 9 0 5  45.6 -1156.6 -2034.9 -2356.4 
2175.2 1 2 7 5 0 4  4 6 0 5  -1180.7 - 2 0 7 7 0 1  - 2 4 0 5 0 3  
2219.9 1301.6 47.5 -1204.9 -2119.8 - 2 4 5 4 0 7  
2265.0 1328.0  48.5 - 1 2 2 9 0 4  -2162.7 -2504.5 
2 3 1 0 0 5  1354.7 49.4 -1254.1 -2206.2 -2554.8 

46.8 
49.5 
52.4 
55 0 4  

7 0 0  7 8 6 6 2  1.9 
7 1 0 .  799272 .3  
7 2 0 .  811957.5  
7 3 0  a 8 2 4 7 0 8 0 0  
7 4 0 .  837493.8  
7 5 3 .  8 5 0 3 2 5 . 1  
7 6 0 .  863202 .4  
7 7 0 .  876125.8  
7 8 0  rn 889095 .4  
7 9 0 .  902111 .7  

2 7 1 3  08 
2767.2 
2821.2  
2875.6  
2930.6  
2986.1  
3 0 4 2  1 
3098  06 
3155.6 
3213.2  

2356.5 1381.7 
2463 .0  1408.9 
2449.8 1 4 3 6 0 4  
2497.0  1 4 6 4 0 0  
2544.8 1492 0 0  
2 5 9 3 0 0  1520.3 
2 6 4 1 0 6  1548.8 
2696.6  1577.5 
2740.2 1606 5 
2790.2 1635.8 

50.4 
51.4 
52  0 4  
53.4 
54.4 
55.5 
56.5 
57.5 
58  a 6  
59.7 

-1279.0 
-1 3 0 4  2 
-1329.5 
-1355.2 
- 1 3 8 1 0 1  
-1407.2 
-1433.5 
-1460.2 
-1487.0 
-15  14.1 

-2250.0 -2605 a5 
- 2 2 9 4 0 3  -2656.7 
-2338.9 -2708 0 4  
- 2 3 8 4 0 0  -2760.7 
-2429.5 -2813.3 
-2475.4 -2866.4 
-252 1.7 -29200  1 
- 2 5 6 8 0 6  -2974.3 
-2615.7 -3028.9 
- 2 6 6 3  3 - 3 0 8 4  1 

8 0 0 .  915174 .8  
920.  941442 .7  
8 4 0 .  9 6 7 9 0 1 . 0  
8 6 0  rn 9 9 4 5 5  1 0 8  
R E 0 0  1021397 .3  
9 0 0 0  1048439 .5  
9 2 0  1 0 7 5 6 8 0 . 8  
9 4 0 0  1103123 .1  
9 6 0 .  1130768 .9  
9 8 0 .  1 1 5 8 6 2 0 . 3  

3 2 7 1  0 4  
3 3 8 9 0 2  
3509.2 
3 6 3 1  0 6  
3756.2 
3883.2 
4 0 1 2  0 4  
4 1 4 4 0 2  
4 2 7 8  e 4  
4 4 1 5 0 1  

2840.7 
2943.0  
3047  2 
3 1 5 3 0 5  
3261.6  
3371.9  
3484.0  
3 5 9 8  . 5 
3715 .0  
3833.6  

1665.4 60.8 
1725.4 62.9 
1786.4 65.1 
1848.7 6 7 0 4  
1 9 1 2 0 1  69.7 
1 9 7 6 0 7  72.1 
2042.4 74.4 
2 1 0 9 0 5  76.9 
2177.8 79.4 
2247.3 82.0 

-1541  0 4  
- 1 5 9 6 0 9  
-1653.4 
-1710.9 
-1769.6 
-1829.3 
-1890.2 
- 1 9 5 2  00 
- 2 0  1 5  e 2  
- 2 0 7 9  4 

- 2 7 1  1.4 
-28 0 9  e 0 
-2908  4 
-3009.5 

-32 1 7 6 
- 3 3 2 4 0 6  
-3433.4 
- 3 5 4 4  . 4 
-3657  0 4  

-3 112.6 

-3139.7 
-3252  0 7  
-3367 08 
- 3 4 8 4  . 9 
-3604  0 3  
-3725 8 
-3849  7 
-3975 07 
-4104.2 
-42 3 4  9 

1 0 0 0 0  1186679 .8  4 5 5 4 0 2  3954.4  2318.1 84.5 -2144.9 -3772.5 -4368.3 
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TABLE 1B 

GEOMETRIC ALTITUDE DIFFERENCES BETWEEN A SERIES OF GEOPOTENTIAL SURFACES AT 
A REFERENCE LATITUDE, AND TIIE SAME GEOPOTENTIAL SURFACES AT OTHER LATITUDES, 

ALL AS A FUNCTION OF GEOPOTENTIAL, 1,000 t o  3,900 km/ 

GEOPO- 
TEN 

HR ( km‘ 1 

1000. 
1020. 
1040. 
1060. 
1080. 
1100 . 
1120. 
1140. 
1160. 
1180 . 
1200. 
1220. 
1240 
1260 
1280. 
1300 
1320. 
1340. 
1360. 
1380. 

1400. 
1420. 
1440. 
1460. 
1480. 
1500 
1520. 
1540. 
1560. 
1580. 

1600. 
1620. 
1640. 
1660. 
1680 
1700. 
1720. 
1740 
1760. 

GEOMET 
A L T O  

Z R h  I 

1186.68 
1214.95 
3 243.43 
1272.13 
1301.04 
1330.18 
1359.54 
1389.12 
1418.93 
1448.97 

1479.24 
1509 75 
1540. 50 
1571.49 
1602 73 
1634.21 
1665 094 
1697 9 2  
1730.16 
1762.66 

1795.42 
1828.45 
1861.74 
1895.31 
1929.15 
1963.27 
1997.67 
2032 36 
2067.34 
2 102.6 1 

2138.18 
2174.05 
2 2  10.22 
2246 70 
2283.49 
2320.60 
2358.03 
2395.78 
2433.86 

0 

Z@-k 
4.55 
4.70 
4.84 
4.99 
5.14 
5.29 
5.45 
5.60 
5.77 
5.93 

6.10 
6.27 
6.44 
6.62 
6.80 
6.98 
7.17 
7.36 
7.55 
7.75 

7.95 
8.16 
8.36 
8.58 
8 . 7 9  
9.01 
9.24 
9.47 
9.70 
9.94 

10. 18 
10.43 
10.68 
10.93 
11.20 
11.46 
11.73 
12.01 
12. 29 

1780. 2472.28 12.58 

15 

@-‘R 

3.95 
4. 08 
4.20 
4.33 
4.46 
4.59 
4.73 
4.87 
5. 01 
5 .  15 

5.29 
5.44 
5.59 
5.75 
5.90 
6.06 
6.22 
6.39 
6.56 
6.73 

6.90 
7.08 
7.26 
7.45 
7.64 
7.83 

8.42 

8.02 
8.22 

8.63 

8.84 
9.05 
9.27 
9.49 
9.72 
9.95 
10.19 
10.42 
10.67 
10.92 

L A T I T U D E  (0 (DEG)  
30 

R 

2.32 
2.39 
2 046 
2.54 
2.61 
2 069 
2.77 
2.85 
2 093 
3.02 

3.10 
3.19 
3.28 
3.37 
3 046 
3.55 
3.65 
3 074 
3.84 
3.94 

4.05 
4.15 
4.26 
4.36 
4.47 
4.59 
4.70 
4.82 
4.94 
5 006 

Z @  -2 

5.18 
5.30 
5 043 
5.56 
5 070 
5.83 
5 097 
6.11 
6.25 
6.40 

45 

R z @-z 

. 08 
09 
09 
09 . 10 . 10 . 10 . 10 . 1 1  . 1 1  
. 1 1  . 1 2  . 1 2  . 12 
1 3  
13 

0 1 3  . 14 
14 
14 

. 1 5  
1 5  
16 
16 
16 
17 
17 . 18 
18 
. 18 
19 
19 . 20 . 20 

0 2 1  
021 . 2 2  . 2 2  

2 3  
0 2 3  

6 0  

@-‘R 

-2.14 
-2.21 
-2.28 
-2.35 
-2.42 
-2 .49 
-2 56 
-2.64 
-2.71 
-2 79 

-2.87 
-2.95 
-3 03 
-3. 1 1  
-3.20 
-3 29 
-3.37 
-3.46 
-3.55 
-3.65 

-3.74 
-3.84 
-3 . 94 
-4.03 
-4. 14 
-4.24 
-4.35 
-4.45 
-4.56 
-4.67 

-4.79 
-4.90 
-5.02 
-5. 14 
-5026 
-5.39 
-5.51 
-5 64 
-5 78 

75 

z@-z R 

-3.77 
-3.89 
-4.01 
-4.13 
-4.25 
-4.38 
-4.5 1 
-4 64 
-4.77 
-4.91 

-5.05 
-5.19 
-5 . 3 3  
-5.48 
-5.63 
-5.78 
-5.93 
-6 09 
-6.25 
-6.41 

-6.58 
-6.75 
-6.92 
-7.09 
-7.27 
-7.45 
-7.64 
-7.83 
-8.02 
-8.22 

-8 042 
-8 062 
-8.83 
-9.04 
-9.25 
-9.47 
-9.69 
-9.92 

-10.15 

90 

L -z @ R  

-4.37 
-4.50 
-4.64 
-4.78 
-4.93 
-5 07 
-5.22 
-5.37 
-5.53 
-5 068 

-5 . 84 
-6.01 
-6.17 
-6 34 
-6.51 
-6.69 
-6.87 
-7.05 
-7.23 
-7 042 

-7.62 

-8.01 
-8.21 
-8.42 
-8.63 

-9 06 
-9.29 
-9.51 

-9.74 
-9 98 

-10.22 
-10.46 
-10.71 
-10.96 
- 1 1  0 2 2  
-11.49 
-1 1  075 

-7.81 

-8.85 

-5.91 -10.39 -12.03 
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G FOPO- 
TEN . 

H R(km/  ) 

1800. 
1820. 
1840. 
1860 
18FIO. 
I900 
1920.  
1940. 
1960. 
1980. 

2000 . 
2070. 
7040 
2060 
2080. 
2100. 
2120. 
2140. 
2160. 
21900 

2200 . 
2270 
2240. 
2260. 
2 7 8 0 0  
2300. 
2320. 
7740. 
2360. 
7380. 

2400 
2470. 
2440 
2460. 
3480 
2500. 
2520- 
2540. 
2560. 
2580. 

GEOMFT 
A L T O  

+ (km) 
2511.03 
2550.12 
2589.56 
2629.35 
7669 5@ 
2710.00 
2750.88 
2792.12 
2833.73 
2875.73 

2918.11 
2960 89 
3004.06 
3 047 063 
3091 061 
3136.00 
3180.81 
3226.05 
3271.71 
3317.82 

3364.37 
3411.37 
3458.82 
3506 74 
3555.13 
3603.99 
3653.34 
3703 19 
3753.53 
3804.37 

3855.73 
3907.62 
3960 03 
4012.98 
4066.48 
41 20.53 
4175.14 
4230.33 
4286.10 
4342 046 

!-! 

Z@ - Z R  

12.87 
13.16 
13.47 
13.78 
14.09 
14.41 
14.74 
15.07 
15.41 
15.76 

16.11 
16.47 
16.83 
17.21 
17.59 
17.98 
18.37 
18.78 
19.19 
19.61 

20.03 
20.47 
20.91 
21.4 
22.8 
22.3 
22.8 
23.3 
23.8 
24.3 

24.8 
25.3 
25.9 
26.4 
27.0 
2706 
28.2 
28.7 
29.4 
30.0 

TABLE 

15 

h - 4 1  
11.17 
11.43 
11.69 
11.96 
12.23 
12.51 
12.79 
13.08 
13.38 
13.68 

13.98 
14.30 
14.61 
14.94 
15027 
15.60 
15095 
16 30 
16.66 
17.02 

17.39 
17.77 
18.15 
18.5 
18 09 
19.4 
19.8 
20.2 
20.6 
21.1 

21.5 
22.0 
22.5 
23.9 
23.4 
23.9 
24.4 
25.0 
25.5 
26.0 

18 CONTINUED 

L A T I T U D E  @ ( D E G )  
30 

@-'R 

6.54 
6.70 
6.85 
7001 
7.17 
7.33 
7.49 
7.66 
7.84 
8.01 

8. 19 
8.37 
8.56 
8.75 
8.94 
9. 14 
9.34 
9.55 
9.75 
9.97 

10.18 
10.41 
10.63 
10.9 
11.1 
11.3 
11.6 
11.8 
12.1 
12.3 

12.6 
12.8 
1302 
13.4 
13.7 
14.0 
14.3 
14.6 
14.9 
15.2 

45 

+ - Z R  

24 
24 

0 2 5  
26 
26 
27 
27 . 28 
29 
29 

30 
31 
31 
32 . 33 

8 33 . 34 . 35 
36 
36 

. 37 
38 . 39 

0 40 
40 
041 
42 . 43 . 44 
045 

46 
47 . 48 . 49 
50 
051 
52 . 53 
054 

60 

(P'ZR 

-6 05 
-6. 19 
-6.33 
-6.47 
-6.62 
-6 . 77 
-6 92 
-7.08 
-7.24 
-7.40 

-7 56 
-7.73 
-7 90 
-8 08 
-8 26 
-8 844 
-8 62 
-8.81 
-9.01 
-9.20 

-9.40 
-9.61 
-9.81 

-10.0 
-10.2 
-10.5 
-10.7 
-10 09 
-11.2 
-11.4 

-11.6 
-11.9 
-12.1 
-12.4 
-12 7 
-12.9 
-13.2 
-13.5 
-13.8 

75 

4 - Z R  

-10.63 
-10.87 
-11.12 
-11.38 
-11 063 
-1 1.90 
-12.17 
-12.44 
-12.72 
-13.00 

-13.29 
-13.59 
-13.89 
-14.20 
-14.51 
-14.83 
-15.15 
-15 049 
-15.82 
-16.17 

-16.52 
-16.88 
-17.24 
-17 06 
-18 00 
-18.3 
-18.7 
-19.1 
-19.5 
-19.9 

-20.2 
-20.7 
-21.1 
-21.5 
-22.0 
-22 5 
-23.0 
- 2 3  06 
-24.1 

90 

'@-' R 

-12 30 
-12.59 
-12 088  
-13.17 
-13.47 
-13.77 
-14.09 
-14.40 
-14.73 
-15.05 

-15.39 
-15.73 
-16.08 
-16.44 
-16.80 
-17.17 
-17.54 
-17.93 
-18.32 
-18.72 

-19.12 
-19.54 
-19096 
-20.4 
-20.8 
-21 m3 
-21 07 
-22.2 
-2307 
-23.2 

-23 06 
-24.2 
-24.7 
-25.2 
-25.7 
-26 3 
-26 8 
-27.4 
-28.0 
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T A B L E  1B C O N T I N U E D  

GEOPO- GEOMET. 
TEN 

HR( km‘) 

2600 . 
2 6 3 0 .  
2 6 4 0  
2 6 6 0  
2 6 8 0 .  
2 7 0 0  
2 7 2 0  
2 7 4 0  
2 7 6 0 .  
7 7 8 0 .  

2 8 0 0  
2 8 2 0 .  
2 8 4 0 .  
2 8 6 0 .  
2 8 8 0 .  
2 9 0 0  
2 9 2 0 .  
7 9 4 0 .  
2 9 6 0 .  
2 9 8 0  

3 0 0 0  
3 0 2 0 .  
3 0 4 0 .  
3060 
3 n 8 0 .  
3 1 0 0 .  
3 1 2 0 .  
3 1 4 0 .  
3 1 6 0 .  
3 1 8 0 .  

3 2 0 0 ,  
3 2 2 0 .  
3 2 4 0 .  
3 2 6 0 .  
3 2 8 0 .  
3 3 0 0 .  
3 3 3 0 .  
3 3 4 0 .  
3 3 6 0 .  
3 3 8 0 .  

A L T O  

5 (km) 
4 3 9 9  . 4 
4 4 5 7  0 
4515.2 
4574.0  
4 6 3 3  5 
4 6 9 3  06 
4754.3  
4815.8 
4 8 7 7  9 
4 9 4 0  . 7 

5004.2 
5068.5 
5133.5 
5199.2 
5 2 6 5  0 7  
5332.9  
5400.9  
5 4 6 9  8 
5539.4  
5609.9 

5681.2 
5753.3 
5826.3 
5 9 0 0  2 
5 9 7 5  0 
6050.8 
6127.4  
6 2 0 5  1 
6283.7 
6363.2 

6443.8  
6525 .4  
6 6 0 8  1 
6 6 9 1  0 8  
6776.7 
6862.6 
6 9 4 9  7 
7037 .9  
7127 .3  
7217 .9  

0 

R Z@ -z 

31. 
31. 
32 . 
33.  
33 .  
3 4  . 
35 . 
35 . 
36 
37 . 
38 
39. 
39. 
4 0  
4 1  
4 2  
4 3 .  
44 . 
45  . 
46  

47  . 
48 
4 9 .  
50  
51. 
52 .  
53 .  
54 .  
55 .  
57. 

58 .  
59 .  
6 0 .  
6 2  
6 3 .  
6 4 .  
6 6  
6 7  
6 9  
7 0  

1 5  

z -2 @ R  
27 
27 
28 
28 
29 .  
30. 
30. 
31  
3 1  
32. 

33. 
34. 
3 4  . 
35 . 
36 
36 
37 . 
38 
39 . 
4 0  

4 1  
4 1  
42 
43. 
4 4  . 
4 5  . 
46 
47 .  
48 
49  . 
50 .  
51  
52  
53 . 
55 . 
56 
57 
58 . 
6 0  
6 1  

L A T I T U D E  4 ( D E G )  
30 

z -z 
@ R  
16 
16 .  
16  
17 .  
17 .  
17 .  
1 8  
18 .  
18 .  
1 9 .  

19 .  
2 0  . 
20  . 
2 0 .  
21  . 
21 .  
22 .  
2 2 .  
23 .  
23. 

24 .  
2 4  
25 
25 .  
26 .  
26  
27 .  
27 .  
28 .  
29 .  

29 .  
3 0  
3 1 .  
31 .  
32 
33. 
33 .  
34 .  
35 . 
36 

4 5  6 0  

z -z ‘@-‘R 0 R 
0 6  
06 
0 6  
0 6  
0 6  
0 6  
0 6  
07 
07 
07 

07 
07 
07 
07 
08 
. R  
0 8  
0 8  
08 
0 8  

09  
09 
09 
09 
09 
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-35  . 
-35  . 
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- 4 3  . 
- 4 3  . 
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-45  . 
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-48  
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-56  
-57 . 
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90 

-2 

-29. 
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-32 
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TABLE 18 CONCLUDED 

GEOPO- CEOMET. 
T F N  ALT 

L A T I T U D E  @ ( D E G )  

3400 
3420 
3440 
3460. 
7480. 
7 5 0 0 .  
3520. 
3540. 
3560. 
3580. 

7309.7 
7402 7 
7497.1 
7592.7 
7689.7 
7788.1 
7887.8 
7988 09 
8091 05 
8195.6 

7600. 8701.2 
7620. 8408.3 
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3660. 8627.3 
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3700. 8852.9 
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3780. 9325.1 
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3860. 9827.6 
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3900. 10091.1 

n 

z@ - z R  
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75 . 
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78 
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84. 
86 0 

88 0 

90 
92 
94 . 
96 
98 
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110. 
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127. 

1 5  
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64 
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76 
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95 . 
98 
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110. 
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Figure 1.1A. Geometric altitude differences between geopotential 
surfaces a t  a reference latitude, and the same 
geopotential surfaces a t  each of seven other l a t i -  
tudes, a l l  a s  a function of geopotential from 
0 to  1,000 km'. 
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Figure 1.1B. Geometric altitude differences between geopotential 
surfaces at  a reference latitude, and the same 
geopotential surfaces a t  each of seven other l a t i -  
tudes, all as a function of geopotential from 0 t o  
3,900 km‘. 
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F i g u r e  1.U. Geometric a l t i t u d e  d i f f e r e n c e s  between each  of f i v e  g e o p o t e n t i a l  
s u r f a c e s  (from 200 t o  1,000 km') a t  a r e f e r e n c e  l a t i t u d e  and t h e  
same f i v e  g e o p o t e n t i a l  s u r f a c e s  a t  o t h e r  l a t i t u d e s ,  a l l  a s  a 
f u n c t i o n  of l a t i t u d e  from 0 t o  90 degrees .  
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Figure 1.2B. Geometric a l t i tude  differences between each of seven 
geopotential surfaces (from 200 t o  1,000 Ian/) a t  a reference 
latitude and the same eeven geopotential surfaces a t  other 
latitudes,  a l l  a s  a function of latitude from 0 to  90 degrees. 
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SECTION V 

SPECIFIC DESCRIPTION OF TABLES 2A AND 2B 

Tables  2A and 2B a r e  formally a r ranged  t o  p r e s e n t  geometr ic  a l t i t u d e  
d i f f e r e n c e s  ZQ - ZR ( f o r  va r ious  l a t i t u d e s )  a s  a f u n c t i o n  of t h e  f i r s t  
argument p a i r  such t h a t  t h e  d i f f e r e n c e s  ZQ - ZR a r e  r e l a t e d  t o  t h e  i n t e -  
g r a l  values of ZR through t h e  non- in t eg ra l  v a l u e s  of HR. The concept  of 
t h e  v a r i a t i o n  of  t h e  v a l u e s  of ZQ - ZR as  a f u n c t i o n  of ZR, i m p l i c i t  i n  
t h e  format of t h i s  t a b l e ,  i s  not v e r y  meaningful wi thout  some cons ide ra -  
t i o n  of t h e  i n t e r v e n i n g  r e l a t i o n s h i p s .  It appea r s  t o  be more meaningful,  
t h e r e f o r e ,  t o  cons ide r  t h e s e  tables a s  t h e  a l t i t u d e  v a r i a t i o n  of ZQ - ZR 
of a c e r t a i n  set  of equal -geopotent ia l  s u r f a c e s  HR as a f u n c t i o n  of l a t i -  
tude.  

The v a l u e s  of ZQ - ZR f o r  each l a t i t u d e  a r e  g iven  s u c c e s s i v e l y  i n  
columns 3 through 9 wh i l e  column 10 of Table  2A c o n t a i n s  v a l u e s  of 
Zs - ZR corresponding t o  t h e  set of n o n - i n t e g r a l  va lues  of HR i n  column 
2 of t h i s  t a b l e .  These values of Zs - ZR w e r e  ob ta ined  i n  the same way 
as those  of column 10 of Table  U. Tables  2A and 2B are  in tended  p r i -  
mar i ly  t o  provide  t h e  a l t i t u d e  adjustment r e q u i r e d  when a tmospher ic  
models expressed as a f u n c t i o n  of geometr ic  a l t i t u d e  a t  45 l a t i t u d e  a re  
a p p l i e d  t o  o t h e r  l a t i t u d e s .  

0 

Graphica l  p r e s e n t a t i o n s  of  the  da t a  of Tables  2A and 2B a re  g iven  i n  
F igu res  2. lA, 2. l B ,  2.2A, and 2.2B where t h e  s i g n i f i c a n c e  of  t h e  d i g i t s  
and le t te rs  of t h i s  series of f i g u r e  des igna t ions  a re  a s  expla ined  above. 
N o  g r a p h i c a l  p r e s e n t a t i o n s  of Zs - ZR a r e  given.  
F i g u r e s  2.lA and 2.2A are t o  be  publ i shed  as  a p a r t  of t h e  U. S. Standard 
Atmosphere Supplements, 1966, (Ref. 12) .  

Table  2A as w e l l  a s  
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TABLE 2A 
GEOMETRIC ALTITUDE DIFFERENCES BETWEEN A SERIES OF GEOPOTENTIAL SURFACES AT 
A REFERENCE LATITUDE, AND THE SAME GEOPOTENTIAL SURFACES AT OTHER LATITUDES, 
INCLUDING THOSE OF THE US STANDARD ATMOSPHERE, ALL AS A FUNCTION OF THE GEO- 
METRIC-ALT1TUI)E EQUIVALENT OF THE EQUAL-GEOPOTENTIAL SURFACES, 0 to 1,000 km 

GEOPO- 
TFNT I AL 

H R(m' ) 

0.0 
3 4 9  0 9  
499.9 
7 4 9  09 
999.8 

1749.7 
1499.6 
1743.5  
1999.3 
2249.2 

7499.0 
2 7 4 9  0 8  
2 9 9 8  0 5  
3 2 4 8  3 
3498.0  
3747.7 
3997.4 
4 2 4 7  1 
4 4 9 6  08 
4746.4 

4 9 9 6  0 
5 245 0 6  
5 4 9 5  2 
5744.8 
5994.3 
6 2 4 7 0 8  
6493.3  
6742.8  
6992.3  
7241.7  

7491 .1  
7740.5  
7 9 8 9  9 
8239.3  
8 4 8 8  0 6  
8737.9 
8987.2 
9236.5  
9 4 8 5  08 
9735.0  

0 

@-'R 

0.0 
0.7 
1.3 
2 .O 
2.7 
3 .Lt 
4.0 
4.7 
5.4 
6.1 

6 0 7  
7.4 
8.1 
8.7 
9.4 

10.1 
10.8 
11 a 4  
17.1 
12.8 

13.5 
1 4 .  1 
14.8 
15 .5  
16.2 
16.8 
17.5 
18.2 
18  0 9  
19.5 

20.2 
20.9 
2 1  0 6  
2 2  02 
2 2  0 9  
23.6 
24.3 
24.9 
25.6 
76.3 

15  

Z @ - Z  R 
0.0 
0.6 
1.2 
1.8 
2.3 
2.9 
3.5 
4.1 
4 0 7 
5.3 

5 08 
5 0 4  
7.0 
7.6 
8.2 
8.8 
9.4 
9.9 

10.5 
11.1 

11.7 
12.3 
12.9 
13.5 
14.0 
1 4 0 6  
15.2 
1508  
1 6 0 4  
17.0 

17.6 
18.1 
18.7 
19.3 
19.9 
20.5 
21.1 
21.7 
22.3 
22.8 

L A T I T U D E  @ ( DEG) 
30 

R z $4 

0.0 
0.3 
0.7 
1.0 
1.4 
1.7 
2.1 
2.4 
2.7 
3.1 

3.4 
3 0 8  
4.1 
4.5 
4.8 
5 . 1  
5.5 
5 .e 
6.2 
6 0 5  

6 0 9  
7.2 
7.5 
7.9 
8.2 
3.6 
8.9 
9.3 
9.6 

10.0 

10.3 
10.6 
11.0 
11.3 
11.7 
12.0 
12.4 
12.7 
13.1 
13.4 

45  6 0  

Z @ - Z R  Z @ - Z R  

0 .O 
0.0 
0 00 
0 .o 
0.0 
0.1 
0.1 
0.1 
0.1 
0.1 

0.1 
0.1 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0 02 

0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0 0 4  
0.4 

0.4 
0.4 
0 0 4  
0.4 
0.4 
0.4 
0.5 
0.5 
0.5 
0.5 

0.0 
-0.3 
-0.6 
-1 00 

-1.6 

-2.2 
-2.5 
-2.9 

-1 0 3  

-1.9 

-3.2 
-3.5 

-40  1 
-4.4 
-4.8 
-5.1 
-5  0 4  
-5.7 

-3.8 

-6.0 

-6.4 
-6.7 
-7.0 
-7.3 
-7.6 
-7.9 
-8.3 
-8 0 6  
-8.9 
-9.2 

-9.5 
-9.9 

-10.2 
-10.5 
-10.8 
-11.1 

-11.8 
-12.1 

- 1  1.5 

-12.4 

7 5  

Z @ - Z  R 

0.0 
-0.6 
-1.1 

-2.2 
-2.8 
-3 .4 

-1.7 

-3 .9  
-4.5 
-5.0 

-5.6 
-6.1 
-607 
-7.3 
-7.8 
-8.4 
-8.9 

-10.1 
-10.6 

-1  1.2 
-11.7 
-12.3 
-12.9 
-13.4 
-14.0 
-14.5 
-15 .1  
-15.7 
-16.2 

-9.5 

-16.8 
-17.4 
-17.9 
-18.5 
-19.0 
-19.6 
-20.2 
-20.7 
-21.3 
-21.8 

zs-z R 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 



TABLE 2 A  CONTINUED 

GFOMET 
ALT I T l J D E  

GEOPO- 
TENT I AL 

L A T  I T U D E  4 
15 3 0  4 5  

( DEG) 
6 0  0 7 5  90  

‘Q-‘ R R Z@ -z @“R 

9 9 8 4  2 
10233.4 
10482.6 
1 0 7 3  1.8 
10980.9 
11479.2 

0.6 
0.0 
0.0 
0.0 
0.0 
0.0 

11977.3 
1 2 4 7 5  0 4  
1 2 9 7 3 0 4  
13471.3 
1 3 9 6 9  2 
14467.0 

32.4 
33.8 
35.1 
36.5 
37.8 
39.2 

0 . G  
0.0 
0.0 
0.0 
0.0 
0.0 

14964.6 
1 5 4 6 2  0 2  
15959.8 
16457.2 
16954.6 
17451.9 
1 7 9 4 9  1 
18446.3 
1 8 9 4 3  3 
1 9 4 4 0  3 

40.5 
4 1  09 
43.3 
4 4 0 6  
46.0 
47.3 
48.7 
50.1 
51.4 
52.8 

0 . 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1 9 9 3 7  2 
2 0 4 3 4  1 
20930.8 
21427.5 
2 1 9 3 4 .  1 
22470.6 
22917.0 
73413.4  
2 3 9 0 9 0 7  
24405.9 

54.1 
55.5 
5 6 0 9  
58.2 
59.6 
6 1  .O 
62.3 
63.7 
65.1 
6 6 0 4  

-52 1 
-53.4 
-54.7 
-56 0 
-57 3 
-58.7 
-60.0 
-61 03 
-62 0 6  
-63 0 9  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
U.0 
0.0 
0.0 

24902.0 
25398.1 
25894.9 
26389.9 
26885.8 
2 7 3 8  1.5 
2 7 8 7 7 0 2  
28 3 7 2  * 7  
2 8 8 6 8 0 3  
29363.7 

67.8 
69.2 
70 .5  
7 1  0 9  
7 3  03 
7 4  . 7 
76.0 
77.4 
7 8 0 8  
80.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
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TABLE 2 A  CONTINUED 

G F O V E  T . 
A L T I T U D E  

r; ECPO- 
TENT I AL 

L A T I T U D E  O 
15 30 4 5  

( DEG 1 
6 0  0 7 5  9 0  

7 ( m )  

3000Co 
70500 . 
31000. 
31  5C0 
3 7 0 0 0 .  
7 3 0 0 0 .  

R H (m/) R 
2 9 8 5 9  0 
30354.3  
30849.5  
31344.6 
31839.7  
32839.5  

z -2 Z @ - Z R  ZO -zR @ R  Z o - Z  
R 

2 -z 
O R  

z -z z -z 
(0 R S R  R 

8 1  0 5  
8 2  0 9  
84.3 
85.6 
87.0 
89.E 

z p  

70.8 41.5 1.5 
72.0 42.2 1.5 
73.2 42.9 1.6 
7 4  . 4 43.6 1.6 
7 5  06 44.3 1.6 
78 .0  45.7 1.7 

-38.5 
-39.1 
-39.8 
-40.4 
-41.1 
-42  0 4  

-67  7 
-68  9 
-70.0 
-71.1 
-72 3 
-74.6 

-78.4 0.0 
-79.7 0.0 
-81.1 0.0 
-82.4 0.0 
-83.7 0.0 
-86.4 0.0 

-76  9 
-79.1 
-81.4 
-83.7 
-86.0 
-88  3 

-89.0 0.0 
-91.7 0.0 
-94.3 0.0 
-97.0 0.0 
-99.6 0.0 

-102.3 0.0 

7 4 0 0 0 .  
35oor) .  
3 6 0 0 0 .  
3 7 0 3 Q  . 
38090.  
3 9 0 0 0 .  

33819.1  
3 4 8 0 8  03 
35797.2 
36785.8  
3 7 7 7 4  1 
38762 .1  

9 2  0 5  
95.3 
9 8  00 

100.8 
103.5 
106.3 

80.3 47.1 1.7 
82  0 7  48.5 1.8 
85.1 49.9 1.8 
87.5 51.3 1.9 
89.9 52.7 1.9 
92.3 54.2 2.0 

-43  07 
-45  00 
- 4 6  3 
-47 0 6  
-48.9 
-50.2 

400O? 
4 1 0 0 0 .  
4 7 0 0 0 .  
47C)OO. 
4 4 0 0 0  . 
4 5 0 0 0 .  
46CC)O. 
4 7 9 0 0 .  
4 R O r ) l ) .  
4 9 0 3 0 .  

3 9 7 4 9  0 8  
40737.2  
41724.3  
4 2 7 1  1.0 
43697.5  
44683.6  
45669.5 
46655 .0  
47640.2  
48675.1  

109.1  
111.8  
114.6  
117 .4  
120.1 
122 09 
125.7 
128.5 
1 3 1  0 3  
134.0  

94.7 55.6 2.0 
97.1 57.0 2.1 
39.5 5 8 . 4  2.1 

101.9 59.8 2.2 
104.3 61.2 2.2 
106.8  62.6 2.3 
109.2 64.0 2 .3  
111.6 65.4 2.4 
114.0 66.9 2.4 
116 .4  68.3 2.5 

- 5 1  0 5  
-52.8 
-54.1 
-55.4 
-56.7 
-58  0 
-59.3 
-60.6 
-62.0 
-63.3 

-90.6 
-92.9 
-35  2 
-97.5 
-99.8 

-102.1 
-104 .4  
-106.7 
-109.0  
-111.3 

-104.9 0.0 
-107.6 0.0 
-110.3 0.0 
-112.9 0.0 
-115.6 0.0 
-118.3 0.0 
-120.9 0.0 
-123.6 0.0 
-126.3 0.1 
-129.0 0.1 

50OOO 
5 1 0 0 n. 
5 2 0 0 0 .  
5300 '3 .  
5 4 0 0 0  . 
55ccc I .  
5 6 0 0 0 .  
5 7 0 0 C .  
5 8 0 0 0 .  
5 9 0 0 C .  

49609.7  
50594.0  
5 1 5 7 8  00 
5 2 5 6 1  0 7  
5 3 5 4 5  1 
54528.2  
55510 .9  
56433.4  
5 7 4 7 5  0 5  
58457.4  

136.8 
1 3 9  0 6  
142  0 4  
145.2 
1 4 8  00 
150.8 
153.6 
1 5 6  04 
159.2  
162.0  

118  0 9  69.7 2.5 
121.2 71.1 2.6 
123.7 72.5 2.6 
126 .1  74.0 2.7 
128.5  75.4 2.7 
130.9  76.8 2.8 
133 .4  78.2 2.9 
135.8  79.7 2.9 
138.2 81.1 3.0 
140.7 82.5 3.0 

-64.6 
-65  0 9  
-67  2 
-68.5 
-69.8 
- 7 1  02 
-72.5 
-73.8 
-75.1 
-76  0 4  

-113.7 
-116.0 
-118.3 
-120.6 
-122.9 
-125.2 
-127.6 
-129.9 
-132.2 
-134.5 

-131.6 0.1 
-134.3 0.1 
-137.0 0.1 
-139.7 0.1 
-142.4 0.1 
-145.0 0.1 
-147.7 0.1 
-150.4 0.1 
-153.1 0.1 
-155.8 0.1 

60COC. 
6 l O C ) C I .  
6 2 0 0 0 .  
6 3 0 0 0 .  
h 4 C 0 0 .  
6 5 0 0 0 .  
660 '30 .  
6 7 0 0 0 .  
6 8 0 Q O .  
6 9 0 0 0 .  

59438.9  
6 0 4  2 0 2 
61401 .1  
6 2 3 8  1.7 
63362 .0  
64342.0  
65321.7  
66301.1  
67280 .2  
6 8 2 5 9  0 0  

164.8 
167.6 
170 .4  
173.2 
176.0 
178.8  
181.6  
184.4 
187.3  
190 .1  

143.1  83.9 3.1 
145.5 85.4 3.1 
148.0  86.8 3.2 
150.4 88.2 3.2 
152.8 89.7 3.3 
155.3 91.1 3.3 
157.7 92.5 3.4 
160.2 93.9 3.4 
162.6 95.4 3.5 
165.1  96.8 3.5 

-77.8 
-79.1 
-80  0 4  
-81.7 
-83  1 
-84.4 
-85.7 
-87 1 
-88.4 
-89.7 

-1  36 9 
-139.2 
-141.5 
-143.9 
-146.2 
-148.5 
-150.9 
-153.2 
-155.5 
-157.9 

-158.5 0.1 
-161.2 0.1 
-163.9 0.1 
-166.6 0.1 
-169.3 0.1 
-172.0 0.1 
-174.7 0.1 
-177.4  0.1 
-180.1 0.1 
-182.9 0.1 
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TABLE 2A CONTINUED 

GFOMET GEOPO- 
ALTITUPE T E N T I A L  

L A T I T U D E  4) ( D E G )  
3 0  4 5  6 0  0 15 75  9 0  

7 ( m )  
R R z4) -z 

z 4 ) - z R  

167.5 
170.0 
1 7 2 0 4  
174.Y 
177 4 
1 7 9 0 8  
1 8 2 0 3  
1 8 4 0 7  
187.2 
189.7 

z4) -zR Z4)-zR z4) -2 
R 4)-zR 

2 -z 
4 ) R  

z -2 
S R  

69237.5  
70215.7  
7 1  1 9 3  0 6  
72171.2  
73148.4  
74125 .4  
7 5  1 0 2  S O  
7 6 0 7 8  0 4  
77054.5  
78030.2  

98.3 306  
99.7 306  

101.1 3.7 
102.6 3.7 
1 0 4 . 0  308  
1 0 5 0 5  308  
1 0 6 0 9  3.9 
1 0 8 0 4  4 0 0  
1 0 9 0 8  4.0 
111.2 4.1 

-160.2 
- 1 6 2 0 6  
-164.9 
- 1 6 7 0 3  
- 1 6 9 0 6  
-172.0 
- 1 7 4 0 3  
- 1 7 6 0 7  
-179.0 
-181.4  

- 1 8 5 0 6  
-188.3 
-191  .0 
-193.7 
-196  04 
-199.2 
- 2 0 1  0 9  
-204  0 6  
- 2 0 7 0 4  
-210.1  

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
O m  1 
0.2 
0.2 

7 9 0 0 5  0 7  
79980 .8  
80955.7  
R 1970.7 
8 2 9 0 4 0 4  
8 3 8 7 8 0 4  
8 4 8 5 2 0 0  
8 5 8 2 5  3 
8 6 7 9 8  m4 
87771.1  

221.2 
2 2 4 0  1 
2 2 6 0 9  
2 2 9 0 8  
2 3 2  0 6  
235.5 
238.3 
2 4 1 0 2  
244.0 
2 4 6 0 9  

-183.8 
- 1 8 6 0  1 
-188.5 
-190.9 
-193.2 
-195.6 
-198  0 
-200.3 
-202  07 
-205 1 

-212.8 
-215.6 
- 2 1 8 0 3  
- 2 2 1  00 
- 2 2  3 8 
-226  . 5 

-232.0 
-234.8 
-237.5 

-229  3 

g02 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

90000. 88743.5 
9 2 0 0 9 0  90687 .4  
9 4 0 0 0 0  92630.2  
'9600Co 9 4 5 7 1  0 7  
9 8 0 0 0 .  96512 .1  

216.9 
221.9 
226.9 
231.9 
236.9 

127.2 4 0 6  -117.9 
1 3 0 0 1  4.7 -120.6 
133.1  4.9 -123.3  
136.0 5.0 -126.0 
138 .9  5.1 -128.7 

-207.4 
-212.2 
-217.0  
-22  1.7 
-226.5 

-240  3 
-245 0 8  
- 2 5 1 0 3  
-256.8 
-262 3 

0.2 
0.2 
0.2 
0.2 
0.3 

130000 0 

1 C 7 O O O  
1 M O O 0  
1960a3r?. 
1 0 8 0 0 0 .  
1 1 9 0 0 0 .  
1 1 2 0 0 0 .  
1 1 4 @ 0 0 0  
1 1 6 0 3 0 0  
118001).  

9 8 4 5  1 2 
100389.1  
102325.9  
134261 .4  
1 0 6 1 9 5  0 7  
108 128 0 8  
110060.8  
1 1  1 9 9  1 0 5  
1 1 3 9 2 1 0 1  
11 5 8 4 9  0 5  

279.5 
284.3 
290.0 
295 8 
3 0 1  0 6  
307.4 
313.2 
319.0  
324.8 
330.7 

241.8 
246.9 
251.9 
256.9 
26  1.9 
2 6 7 0 0  
272.0 
277.1 
282.1 
287.2 

1 4 1 0 8  5.2 
144.8  5 0 3  
147.7 5.4 
150.7 5 0 5  
153.6  506  
156.6 5.7 
159.5 5.8 
1 6 2 0 5  5.9 
1 6 5 0 5  6.0 
168.4 6 0 1  

-231.3 
- 2  36 1 
-240.9  
-245 07  
-250.5 
-255.3 
-260.1 
-265.0 
-269.8 
-274.6 

-267 9 
-273  0 4  
-279  0 
- 2 8 4  0 5 
-290.1 
-295 7 
- 3 0 1  03 
-306  0 8  
-312.5 
-318.1 

12C)OOD.  
125OOr) 
1 3 0 0 0 0 .  
135003. 
1 4 0 0 0 0 .  
1 4 5 0 0 0  0 

1 5 0 0 0 0 .  
1 5 5 0 0 0 .  
1 6 ~ 0 0 0 0  
1 6 5  0 0 0  

117776.6  
122589.3  
1 2 7 3 9 4  0 6  
1 3 2 1 9 2 0 6  
1 3 6 9 8 3  1 
1 4 1 7 6 6  2 
1 4 6 5 4 2  0 0  
1 5 1 3 1 0 0 5  
1 5 6 0 7 1  0 6  
1608  25  5 

292 2 
304.9 
317.7 
33005  
343 3 
356.2 
3 6 9 0  1 
382.0 
3 9 5 0  0 
408.1 

171.4  6.3 
178.9 6 0 5  
186.3 6 0 8  
193.8 7 0 1  
201.3 7.3 
2 0 8 0 9  7.6 
216.5  7.9 
224.1  8.2 
231.7 8 0 5  
2 3 9 0 3  8 0 7  

-158.8 
-165.7 
-172  06 
-179.6 
-186.6 
-193.5 
-200.6 
-207.6 
-214.6 
-221.7 

3 3 6 0 5  
351.1 
365  8 
3 8 0 0 5  
395.3 
410.1  
425.0 
439 .9  
454 .9  
469.9  

-323 7 
-337 7 
-35 1 .  9 
-366 0 
- 3 8 0 0 2  
-394  0 4  
-408  7 
-423 1 
-437 5 
-451.9 
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GFOWFT GFOPO- 
ALTTTIJDE T F N T I A L  

z (km) 
R 

H (d) 
R 

1 7 0 0  165572 .0  
1 7 5 .  170311 .3  
180. 175043 .4  
1 R5. 179769.7  
199. 184485.8  
1 9 5 .  189196.7  

2’30. 193899 .4  
2 0 5 .  198595 .4  
z i r i .  203284 .3  
7 15  2 0 7 9 6 6  1 
7 2 0 .  212640 .7  
7 2 5 0  2 1 7 3 0 8 0 2  
2 7 C .  221968.7  
7 3 5 .  2 2 6 6 2 2 . 1  
2 4 0 .  231268 .4  
,745. 235907.7  

2 5 0  2405 39  0 9  
2 5 5 .  245165 .2  
2 6 q .  249783.5  
2 6 5 .  254394.8  
2 7 0 0  2 5 8 9 9 0 . 1  
2 7 5 .  263596.5  
2 8 0 .  268187 .0  
2 8 5 .  277770.5  
2 9 0 .  277347 .2  
2 9 5 0  2 8 1 3 1 7 0 0  

2 8 6 4 7 9  0 9  
235585.2  
3 0 4 6 6 3  2 
313714.0  
322737.9  
331734.8  
4340704.9 
3 4 9 6 4 8  a4 
3 5 8 5 6 5  0 3  
3 6 7 4 5 5  * 8  

4 0 0 0  376320 .0  
4 1 0 .  385158.0  
4 2 0 .  393969.9  
4 3 0 0  402755 .7  
4 4 Q .  471515 .8  
4 5 0 .  420250 .1  
4 6 0 .  428958 .9  
4 7 0 .  437642.0  
4 8 0 .  446299.8  
4 9 0 0  4 5 4 9 3 2 0 3  

32  

0 

z -2 

484.9  
5 0 0  1 
515.2 
520.4 
545.7 
5 6 1  0 0  

576.3 
591.7 
607.2  
622 .7  
638.2 
653.8  
6 6 9  5 
6 8 5 . 1  
700 .9  
7 1 6 0 7  

O R  

7 3 2  0 5  
7 4 8  04 
764.3  
780 .3  
796.3  
812.4  
828.5 
8 4 4  . 7 
8 6 0 0 9  
8 7 7  2 

8 9 3  0 5  
926.3 
953.3 
9 9 2  a 5  

1025.9  
1 0 5 3 0 4  
1093.2 
1 1 2 7 0 1  
1161.3 
1195.6 

1230.1 
1264.9 
1299.8 
13’34.9 
1370.2 
1 4 0 5  7 
1 4 4 1 0 4  
1477.2 
1513.3 
1 5 4 9 0 6  

TABLE 

15  

z -z 
O R  

421.1 
4 3 4  . 3 
447.4 

473.9 
487.2 

500.5 
513.9 
527.3 
540.8 
5 5 4 0 3  
5 6 7 0 8  
581.4 
595.0 
608.7 
6 2 2 0 4  

636.1 
6 5 0 0 0  
663.8 
6 7 7  6 
691.6 
705.5 
719.5 
733.6 
747.7 
761.5 

7 7 6 0 0  
8 0 4 0 4  
833 .  1 
861.9 
890.9 
9 2 0 0 0  
9 4 9  . 3 
978.8 

1008 0 5  
1038.2 

1068.2 
1 0 9 8 0 4  
1128.7 
1159.2 
1 1 8 9 0 9  
1220.7 
1 2 5 1 0 7  
1282.8 
1314.2 
1 3 4 5 0 7  

& h o o f ,  

2A CONTINUED 

LATIT IJDE O ( D E G )  
3 0  

z - z  

247.0 
254.7 
262  0 4  
770.2 
277 0 9  
285 07 

293.6 
301  0 4  
309.3 
317.2 
325.1 
333  e 0  
3 4 1  e 0  
349.0 
357 00 
365 0 0  

373.1 
38102 
389.3 
397 0 4  
405  0 6  
413.8 
422.0 
430.2 
438.5 
446  0 8  

455.1 
471.8 
488  0 6  
505.5 
522.5 
5 3 9 0 6  
5 5 6 0 7  
574.0 
591.4 
608.9 

626.4 
6 4 4  1 
6 6 1  09 
679.8 
697.8 
7 1 5  08 
734.0 
752.3 
770.6 
789.1 

O R  

45 6 0  7 5  9 0  

2 -2 
O R  

z -2 
O R  

z -2  
O R  

9.0 -228.9 -402.7 -466.4 
9.3 -236.0 -415.2 -480.9  
9.6 -243.1 - 4 2 7 0 8  -495.5 
3.Q -750.7 -440.4  -510.1 

10.2 -257.5 -453.1 -524.7 
10.4 -264.7 -465.8 -539.5 

10.7 -271.9 - 4 7 8 0 5  
1 1 0 0  -279.2 -491.3 
11.3 -286.5 -504.2 
11.6 -293.8 - 5 1 7 0 0  
11.9 -301.1 -529.9 
12.1 -30805  -542.9 
12.5 -315.9 -555.8 
12.7 -323.3 -568.9 
13.0 -330.7 - 5 8 1 0 9  
13.3 -338.1 -595.b  

13.6 
13.9 
14.2 
14.5 
14.8 
15.1 
15.4 
15.7 
16  - 0  
16.3 

16.6 
17.2 
17.8 
18 a4 
19.1 
19.7 
20.3 
20.9 
21  0 6  
22  02 

2 2  a8 
23.5 
24.2 
2 4 0 8  
25.5 
26.1 
26.8 
27 0 4  
28.1 
28.8 

-345  e6 
-353  . 1 
- 3 6 0 0 6  
- 3 6 8 0 2  
-375.7 
-383.3 
- 3 9 0 0 9  
-398  5 
- 4 0 6  2 
-413.8 

-421.5 
-437.0 
-452  0 6  
-468.2 
-483.9 
-499.7 
-515.7 
- 5 3 1  06 
-547 0 7  
-564.0 

-608.2 
-621.3 
- 6 3 4 0 6  
-647.8 
-66  10  1 
-674 .  5 
-687.9 
-701.2 
- 7 1 4 0 7  
- 7 2 8 0 2  

-741.7 
- 7 6 8  9 
- 7 9 6  3 
-823  08  
-85  10 5 
- 8 7 9  3 
-907.3 
-935 5 
-963.8 
-992.3 

-580.2 -1020.9 
-596.6 - 1 0 4 9 0 7  
-613.0 -1078.6 
- 6 2 9 0 6  - 1 1 0 7 0 8  
-646.2 -1137.0  
- 6 6 3 0 0  -1166.4  
-679.7 -1196.0 
-696.7 -1225.8 
-713.7 - 1 2 5 5 0 7  
-730.8 -1285.7 

-554.2 
-569  0 
- 5 8 3 0 9  
-598 7 
- 6 1 3 0 7  
-628  0 7  
-643  7 
-658.8 
-673  0 9  
-689  1 

- 7 0 4  3 
-7 1 9  5 
-734.9 
-750.2  
-765 06  
- 7 8 1  0 1 
-796.6 
-812 1 
-827  0 7 
-843  0 3 

-859.0 
-890.5 
-922.2 
- 9 5 4  1 
-986  1 

- 1 0 1 8 0 3  
-1050.8  
- 1 0 8 3 0 4  
-1116  1 
-1 1 4 9  1 

-1 1 8 2  3 
-1215.6 
-1249  1 
-1282  0 9  
-1 3 1 6  7 
- 1 3 5 0 0 8  
-1385.0  
-1419.5 
- 1 4 5 4  1 
-1488  09  

2 -z 
S R  
1.0 
1.0 
1.1 
1.2 
1.3 
1.4 

1.5 

1.7 
1.8 
1.9 
2.0 
2.1 
2 02 
2.3 
2.4 

2.6 
2.7 
2.8 
3.0 
3.1 
3.3 
3.5 
306 
3.8 
4.0 

4.1 
4.5 
4.9 
5.3 
5.7 
6.2 
6.7 
7.2 
7.7 
8.3 

8 0 9  
9.5 

10.1 
10.8 
11.4 
12.2 
12.9 
13.7 
14.5 
15.3 

1.6 



TABLE 2A CONCLUDED 

GEOMET GEOPO- 
A L T I T U D E  TENT I A L  0 

L A T I T U D E  $J ( D E G )  
1 5  3 0  45  6 0  7 5  90 

ZO -2 Z O - z R  Z O - 5  z -2 L -z 
R O R  O R  

2@ -2 z -z 
16.2 
17.1 
18.0 
19.0 
20.0 
21.0 
22.1 
23.2 
24.3 
25.5 

S R  
5 0 0 .  
5 1 0 .  
5 2 0 .  
5 3 0 0  
5 4 0 .  
5 5 0 .  
5 6 0 .  
5 7 0 .  
580. 
5 9 @ .  

463539.6  
4 7 2  1 2  1.8 
4 8 0 6 7 9  1 
4 8 9 2 1  1 0 6  
4 9 7 7  1 9  2 
5 0 6 2 0 2  0 3  
5 14660.8  
523095.0  
5 3  1504.7 
539890 .3  

1586 .1  
1 6 2 2  0 7  
1659.6 
1696.7  
1733.9  
1771.3  
1809.0  
1846.8  
1884 .e  
1923.0  

1377.4 
1409.2 
1441.2 
1473.4 
1 5 0 5 0 7  
1538.2  
1570.9  
1603.7 
1636.7 
1669.9 

807.7 
8 2 6 0 3  
8 4 5  1 
864.0 
882.9  
902.0 
9 2 1 0 1  
9 4 0 . 4  
959.7 
979.2  

29.5 
30.1 
30.8 
31 0 5  
32 0 2  
3 2  e9 
33 0 6  
34.3 
35 .n 
35.7 

-747  . 9 
-765.2  
-782.6 
-800.0 
-817.6 
-835.2 
-853.0 
-870.8 
-888.7 
- 9 0 6 0 7  

-1316  0 
-1346.4  
-1375.9 
-1407  0 6  
-1438  5 
-1469.5 
-1500.7 
- 1 5 3 2 0 0  
-1563.5 
-1595.2 

-1523.9 
-1559.2 
- 1 5 9 4 0 5  
- 1 6 3 0  1 
-1665  0 8  
-1701  07  
-1737 0 8  
- 1 7 7 4  1 
-1810.6 
-1847  3 

6 0 0 .  548251.8 
6 1 0 .  5 5 6 5 8 9 0 3  
6 2 0 .  564902.8  
63C.  573192.6  
6 4 0  5 8  1 4 5 8  0 6  
6 5 0 .  589701.1  
6 6 0 .  537920 .1  
6 7 0  6 0 6  115  0 7  
685). 614288 .0  
6 9 0 .  622437.0  

1 9 6  1 a 4  

2000.1  
2 0 3 8  08 
2 0 7 7 0 8  
2 1 1 7 0 0  
2 1 5 6 0 3  
2 195 0 9  
2235.7  
2275.7  
2315.8  

1703.3 
1736.8 
1770.5 
1804.3 
1838.4 
1 8 7 2 0 5  
1 9 0 6 0 9  
1941.4 
1 9 7 6 0  1 
201  1.0 

9 9 8  0 7  
1018 .4  
1038.1 
1058.0 
1077.9  
1097.9  
1118 .1  
1138.3  
1158.7 
1179 .1  

36.4 
37.2 
37.8 
3 8  0 6  
39.3 
40.0 
40.8 
4 1  0 5  
42.3 
43.0 

- 9 2 4 0 8  
-942  0 9  
- 9 6  1 0 3 
- 9 7 9 0 6  
- 9 9 8  0 0  

-1016.6  
-1035.2 
-1054.0 
-1072.8 
- 1 0 9 1  0 7  

-162 7 0 
- 1 6 5 8 0 9  
-169  1 1 
-1723.4  
- 1 7 5 5 0 8  
-1788.5 
- 1 8 2 1 0 3  
- 1 8 5 4 0 2  
-1887  3 
- 1 9 2 0 0 6  

- 1 8 8 4  1 
-1921.1  
-1958  0 4  
-1995  0 7  
-2033  0 3  
-2071  1 
-7109.1  
-2 147 0 2  
-2185.5 
-2224.0 

26.7 
28.0 
29.3 
30.6 
32.0 
33.4 
3408 
3603 
37.8 
39.4 

7 0 0 .  630563.0  
7 1 0 .  638666 .1  
7 7 3 0  646746 .2  
7 3 0 .  654803.4  
7 4 0 .  662838 .0  
7 5 0 .  670850 .0  
7 6 0 .  678839.5  
7 7 0 .  686806.5  
7 8 0 .  694751 .3  
7 9 0 .  702677 .8  

2356.2 
2396 .7  
7437.5 
2478  0 4  
2519.5  
2560.8  
2 6 0 2  0 4  
264 !+00  
2685.9  
2728.0  

2046.0  1199.7 
2081.2 1220.3 
2116.6 1241.1 
2152.1 1 2 6 1 0 8  
2187.8 1282.8  
2 2 2 3 0 7  1303.8 
2259.8 1325.0  
2296.0  1346.2 
2332.3 1 3 6 7 0 5  
2368.9 1388.9  

43.7 
44.5 
45.3 
46.0 
4608  
47 0 6  
4 8  0 4  
49.1 
49.9 
50.7 

- 1 1 1 0 0 7  
- 1 1 2 9 0 8  
-1148.9 
-1168.2 
-1187.6 
-1207 m 0  
-1 2 2 6  05 
-1  246.2 
-1265.9  
-1285.7 

-1954.0  
-1987.5 
-2021.2 
-205 5 2 
-2089.2 
-2123.4  
-2157.7 
-2 1 9 2  3 
-2227.0 
-226 1.8 

-2262 0 7  
-2301  m6 
- 2 3 4 0  0 6  
-2379.9 
-2419  3 
-2458  09 
-2498  0 6 
-2538.7 
-2578.8 
-2619.2 

41.0 

800. 710574 .1  
8 2 0 .  726308 .7  
8 4 0 .  741955 .9  
8 6 0 .  757516 .4  
8 8 0 .  772990.8  
9 0 0 .  788380 .0  
9 2 0 .  807684.5  
940. 818905.2  
9 6 0 .  834042.7  
9 8 0 .  849097.6  

2770.3  
2855.5  
2 9 4 1  e3 
3028 1 
3115.6  
3203.9  
3202.9  
3382.7 
3473  e3 
3 5 6 4  7 

2405.6 
2479.6 
2554.1 
2629.4 
2705.4  
2782.0 
2859.3 
2937.3 
3015.9 
3095.3 

1 4 1 0 0 4  51.4 -1305.7 
1453.8 53.0 -1345.7 
1497.5 54.6 -1386.2 
1541.6 56.2 -1427.0 
1586.1  57.8 -1468.2 
1631.1  59.5 -1509.7 
1676.3 61.1 -1551.6 
1722.1  62.8 -1593.8 
1768.1 64.5 -1636.5 
1814.7 66.2 -1679.4  

-2  2 9 6  9 
-2367.3 
-2438  0 5 
-25 1 0  0 2  
-2582.6 
-2655.6 
- 2 7 2  9 3 
-2803.6 
-2878.6 
-2954  1 

- 2 6 5 9  0 7  
- 2 7 4 1  0 3  
-2823 7 
-2906  0 7  
-2990.6 
-3075  1 
-3  1 6 0  5 
-3246  m4 
-3333 3 
-3420.7 

1 0 0 0 .  864070.7  3656.7 3 1 7 5 0 2  1861.5 67.8 -1722.8 -3030.4 - 3 5 0 9 0 0  
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TABLE 2B 
GEOMETRIC ALTITUDE DIFFERENCES BETWEEN A SERIES OF GEOPOTENTIAL SURFACES AT 
A REFERENCE LATITUDE, AND THE SAME GEOPOTENTIAL SURFACES AT OTHER LATITUDES, 

ALL AS A FUNCTION OF THE GEOFSETRiC-ALTITUDE EQiiIV- 
ALENT OF THE EQUAL GEOPOTENTIAL SURFACES, 1,000 t o  10,000 km 

GEOMET 
ALT 

Z R (  km) 

1000. 
1020. 
2 0 4 0 .  
1 0 6 0 .  
1 0 8 0 .  
1 1 9 0 .  
1130. 
1 1 4 0 .  
116'3. 
1 1 8 0 .  

1 2 0 0 .  
1 2 2 0 .  
1 2 4 0 .  
1260. 
1280. 
130Qe 
1 3 2 0 .  
1 3 4 0  
1 3 6 0  
1 3 8 0 .  

1 4 0 0 .  
1 4 2 0  
1 4 4 0 .  
1 4 6 0 .  
1 4 8 0 .  
1 5 0 0 .  
1 5 2 0 .  
1 5 4 0 .  
1 5 6 0 .  
1580. 

1 6 0 0 .  
1 6 2 0 .  
1 6 4 0 .  
1 6 6 0 .  
1 6 8 0  
1700. 
1 7 2 0 .  
1 7 4 0  
1 7 6 0 .  
1 7 8 0 .  

GEOPO- 
TENT I AL 

H R(km/ ) 

864.07 
878.96  
893.77  
908.51  
9 2 3  1 6  
937.73 
952.23 
966.65 
980.99  
995.25 

1009 .44  
1023.56  
1037 .60  
1051.57 
1965.46  
1079.28  
1093.03 
1106 .71  
1120.31  
1133.85  

1147.32  
116O.71 
1174 .04  
1 1 8 7 . 3 0  
1 2 0 0  5 0  
1213.62  
1226.68  
1 2 3 9  057 
1252.60  
1265 .46  

1 2 7 8 .  2 6  
1 2 9 0  9 9  
1 3 0 3  066 
1316.27  
1328.8 1 
1 3 4 1  030 
1353.71  
1366.07  
1378.37  
1390 .61  

0 

4 - z R  

3.66 
3.75 
3.e4 
3.94 
4.03 
4.13 
4.23 
4.32 
4.42 
4.52 

4.62 
4.72 
4.82 
4.93 
5 . 0 3  
5.13 
5 . 2 4  
5.34 
5.45 
5.56 

5.66 
5.77 
5.88 
5.99 
6.10 
6 .21  
6.33 
6.44 
6.55 
6.67 

6.78 
6 .90  
7 .02  
7 .13  
7.25 
7.37 
7 .49  
7 .61  
7 073 
7 .86  

15  

'@-'R 

3.18 
3.26 
3 . 3 4  
3.42 
3.50 
3.59 
3.67 
3.75 
3.84 
3.93 

4 - 0 1  
4.10 
4.19 
4.28 
4.37 
4.46 
4.55 
' + e 6 4  
4.73 
4.82 

4.92 
5.01 
5.11 
5.20 
5.30 
5.39 
5 049  
5 059 
5 069  
5.79 

5.89 
5.99 
6 .09  
6.19 
6 .30  
6 040  
6 .50  
6.61 
6.71 
6.82 

L A T I T U D E  @ ( D E G )  
3 0  

' @-'R 

1.86 
1.91 
1.96 
2.00 
2.05 
2.10 
2 . 1 5  
2.20 
2.25 
2.30 

2.35 
2.40 
2.45 
2.51 
2.56 
2.61 
2.67 
2.72 
2.77 
2.83 

2.88 
2.94 
2 099  
3.05 
3. 1 0  
3.16 
3.22 
3.28 
3.33 
3.39 

3.45 
3.51 
3.57 
3.63 
3.69 
3.75 
3.81 
3487  
3.94 
4.00 

4 5  

ZtJ - Z R  

07 
07 
07 
07 
07 
08  . 08 
08 
08  
08  

09  
0 9  
0 9  . 09 
09  . 1 0  . 1 0  . 1 0  . 10 . 1 0  

10  
011 
011  . 1 1  
011  . 12 . 12 . 1 2  . 12 . 12 

0 1 3  
1 3  
1 3  
1 3  
1 3  
1 4  
1 4  
1 4  
1 4  
15  

6 0  

@ - %  
-1  7 2  
-1 7 7  
-1 .81  
-1  086  
-1.90 
-1.95 
-1 e99 
-2 0 4  
-2.08 
-2 .13 

-2.18 
-2.22 
-2.27 
-2.32 
-2  37 
-2.42 
-2.47 
-2 52 
-2.57 
-2 6 2  

-2.67 
-2.72 
-2.77 
-2.82 
-2.87 
-2 9 2  
-2.98 
-3.03 
- 3  008 
-3 .14 

-3.19 
-3.25 
-3.30 
-3 3 6  
-3.41 
-3 . 47 
-3.52 
-3.58 
-3.64 
-3.70 

7 5  

ztJ -zR 

-3.03 
-3.1 1 
-3.18 
-3.26 
- 3  . 3 4  
-3.42 
-3.50 
-3.58 
-3.66 
-3.75 

-3.83 
-3.91 
- 3  099  
-4 0 8  
-4.16 
-4.25 
-4.34 
-4.42 
-4.5 1 
-4.60 

-4.69 
-4.78 
-4.87 
-4.96 
-5.05 
-5.14 
-5 024  
-5.33 
-5.42 
-5.52 

-5.61 
-5.7 1 
-5 .81 
-5.90 
-6 00 
-6.10 
-6.20 
-6 3 0  
-6.40 
-6.50 

9 0  

L 0 - Z  

-3 .51 
-3.60 
-3 069 
-3.78 
-3.87 
-3.96 
-4 05  
-4.15 
-4.24 
-4.34 

-4.43 
-4.53 
-4.63 
-4.72 
-4.82 
-4.92 
-5.02 
-5.12 
-5.22 
-5 33  

-5.43 
-5.53 
-5.64 
-5.74 
-5.85 
-5.95 
-6 06 
-6.17 
-6.28 
-6 39  

-6.50 
-6.61 
-6.72 
-6.83 
-6.95 
-7 0 6  
-7.18 
-7.29 
-7.41 
-7 5 2  
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GEOMFT 
ALT 

Z R f  km) 

1800. 
1820. 
1840. 
1860. 
1880 .  
1900  
1930. 
1940.  
1960. 
1990.  

7 0 0 0 .  
2020. 
2040 
2060. 
2080. 
2 100 . 
2120. 
2140. 
2160. 
2180. 

2200 .  
2220. 
2240 
2260. 
2780. 
3300. 
2320. 
2340. 
2360. 
2380. 

2400 
2420. 
7440. 
2460 
2480 
2500. 
2520. 
2540. 
2560. 
2580. 

2600. 
2620. 
2640. 
266 0 
2680. 

GEOPO- 
T E N T  I A L  

H R ( k m / )  

1402.78 
1414.90 
1426.96 
1438.96 
145C.90 
1462.78 
1474.61 
1486.38 
1498.09 
1509.75 

1521.35 
1532.99 
1544.38 
1555.82 
1567.20 
1578 52 
1589.80 
1601 0 0 2  
1612.19 
1623  30 

1634.37 
1645.38 
1656.34 
1667.25 
1678.11 
1688.92 
1699.68 
1710.39 
1 7 2 1  005 
1731 066 

1742.22 
1752.74 
1763.21 
1773.63 
1784.00 
1794.32 
1804.60 
18 14.84 
1825.03 
1835.17 

1845.26 
1855.31 
1865 032 
1875. 2 8  
1885.20 

0 

zo - z R  

7.98 
8.10 
9.23 
e.35 

8.61 
8.74 
8.86 
8.99 
9.12 

9.25 
9.39 
9.52 
9.65 
9.79 
9.92 

10.06 
12. 19  
1C.33 
1 0  47 

10.6 1 
10.75 
10.89 
l l o C 3  
11.1 7 
11.31 
11.46 
11 e40  
11.75 
11.89 

e.48 

12.04 
12.19 
12.33 
1 2  48 
12.63 
12.78 
12.93 
13.09 
13.24 
13.39 

13.55 
13.70 
13.86 
14.02 
14.17 

T A B L E  

15 

z +-z R 
6 093 
7.04 
7.14 
7 0 2 5  
7.36 
7 047 
7 e58 
7.70 
7.81 
7.92 

8 003 
8.15 
P 0 2 6  
8.38 
8 050 
8 0 6 1  
8.73 
9 085  
8.97 
3.09 

9.21 
9.33 
9.45 
9.58 
9.70 
9.92 
9.95 

10.07 
10.20 
10.32 

10.45 
10.58 
10.71 
13.84 
10.97 
11 . 1 0  
1 1 . 2 3  
11.36 
11 049 
11.63 

11.76 
11.90 
12.03 
12.17 
12.30 

30 

@-'R 

4.06 
4.12 
4.19 
4.25 
4.31 
4.38 
4.44 
4.51 
4.58 
4.64 

4.71 
4.78 
4.84 
4.91 
4.98 
5.05 
5.12 
5.19 
5.26 
5.33 

5.40 
5.47 
5.54 
5.61 
5.68 
5 075 
5.83 
5.90 
5 097 
6.05 

6.12 
6.20 
6.27 
6.35 
6.43 
6.50 
6.58 
6066 
6.73 
6.81 

6.89 
6.97 
7.05 
7.13 
7.21 

2B C O N T I N U E D  

L A T I T l J O E  @ ( O E G )  
4 5  

Z @ - Z R  

15 
15 
15 
15 
16 . 16 
16 
16 
17 . 17 

17 
17 . 18 . 18 . 18 . 18 
19 
19 
19 
19 

. 20 . 2 0  
2 0  . 20 

e 2 1  
0 2 1  
e 2 1  
0 2 1  . 2 2  . 2 2  

. 2 2  
023 

23 
0 2 3  
e23  

24 
24 
24 
25 

025 

25 
0 2 5  

26 
26 
26 

6 0  

@-zR 

-3.75 
-3.81 
-3.87 
-3 093 
-3 99 
-4.05 
-4.11 
-4.17 
-4.23 
-4.29 

-4.35 
-4.41 
-4.48 
-4.54 
-4 60 
-4 67 
-4.73 
-4  79 
-4 86 
-4.92 

-4 . 99 
-5.05 
-5.12 
-5.18 
-5.25 
-5 32 
-5 . 39 
-5.45 
-5 52 
-5 59 

-5  6 6  
-5 . 73 
-5.80 
-5.87 
-5.94 
-6 . 01 
-6 08 
-6.15 
-h 2 2  
-6 2 9  

-6 37 
-6.44 
-6.51 
-6 58 
-6 0 66 

75 

- z R  

-6.60 
-6.70 
-6.8 1 
-6.91 
-7.01 
-7.12 
-7.22 
-7.33 
-7.44 
-7 54 

-7.65 
-7.76 
-7.87 
-7.98 
-R 0 9  
-8.20 
-8.31 
-9.43 
-8.54 
-8.65 

-8.77 
-9.88 
-9.90 
-9.11 
-9.23 
-9.35 
-9 047 
-9.59 
-9.71 
-9.83 

-9.95 
-10.07 
-10.19 
-10.3 1 
-10.44 
-10.56 
-10.68 
-10.8 1 
-13.93 
-1 1 0 6  

-11.19 
-1 1 32 
-1 1.44 
-11.57 
-11.70 

5 0  

%-'% 
-7.64 
-7 76 
-7.88 
-e.oo 
-3.12 
-e024 
-8  36 
-e e 4 9  
-9.61 
-8.73 

-3 0 2 6  

-9.11 
-9.24 
-9.37 
-9.50 
-9.63 
-9 76 
-9 . 89 

-10.02 

-10.15 
-10.28 
-10.42 
-10.55 
- 3  0.69 
-19.82 
-19.96 
-11.10 
-11.24 
-11.38 

-11.51 

-a.99 

-1 1.66 
-1 1.80 
-1 1.94 
-12.08 
- 1 2  022 
-12.37 
- 1 2  051 
-12  0 6 6  
-12.81 

-12  e95 
-13.10 
-1 3.25 
-1 3 40 
-1?.55 
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TABLE 2 8  CONTINUED 

GEOPET GEOPO- L A T I T U D E  @ ( D E G )  
A L T O  T E N T I A L  0 15 30 4 5  6 0  7 5  9 0  

'@-' R 

027 - 6 0 7 3  
027 - 6 0 8 1  
027 - 6 0 8 8  
0 2 7  - 6 0 9 6  
028 - 7 0 0 3  

-11.83 
- 1 1 0 9 6  
- 1 2 0 1 0  
-12.23 
-12 0 36 

-13 .70  
-13.85 
- 1 4 0 0 0  
-14.16 
-14.31 

-14046  
-14.62 
-14  m77 
-14 093 
- 1 5 0 0 9  
-15.25 
-15.40 
- 1 5 0 5 6  
-15.72 
-15.89 

1943.80  15 .13  1 3 0 1 4  
1 9 5 3 0 4 2  15.30 1 3 0 2 8  
1 9 6 3 0 0 0  1 5 0 4 6  1 3 0 4 2  
1 9 7 7 0 5 3  15.63 13 .56  
1982.02  15.79 13 .71  
1 9 9 1 0 4 8  1 5 0 9 6  13.85 
2000.89  16.12 1 4 0 0 0  

2019.59 16.46 14 .29  
2 0 1 0 0 2 6  1 6 0 2 9  1 4 0 1 4  

2 0 2 8 0 8 8  1 6 0 6 3  14 .44  

7.70 
7.78 
7 0 8 6  
7 0 9 5  
8.03 
8 . 1 1  
8.20 
8.28 
8.37 
8046 

028 -7.11 
028 - 7 0 1 8  
029 - 7 0 2 6  
029 - 7 0 3 4  
0 2 9  -7042  
030 - 7 0 4 9  
030 - 7 0 5 7  
030 - 7 0 6 5  
0 3 0  - 7 0 7 3  
0 3 1  - 7 0 8 1  

-12.49 
- 1 2  063 
- 1 2 0 7 6  
-12 .90  
-13.03 
-13.17 
-13 .31  
-13.45 
-13.58 
-13 .72  

3 0 0 0  
3 0 2 0  . 
3 0 4 0  
3 0 6 0  
3 0 8 0 .  
3 1 0 0 0  
3 1 7 0 0  
3 1 4 0 0  
3 1 6 0 .  
7 1 5 0 0  

2 0 3 8 0 1 3  16 .80  1 4 0 5 8  
2 0 4 7 0 3 4  1 6 0 9 7  1 4 0 7 3  
2 0 5 6 0 5 1  17.14 14.88 
2 0 6 5 0 6 5  1 7 0 3 1  1 5 0 0 3  
2 0 7 4 0 7 4  1 7 0 4 9  1 5 0 1 8  
2083.80  1 7 0 6 6  15.33 
2 0 9 2 0 8 1  1 7 0 8 4  15.48 
2 1 0 1 0 7 9  1 8 0 0 1  15.64 
2110.74  18.19 1 5 0 7 9  
2119.64  1 8 0 3 6  1 5 0 9 4  

8 0 5 4  
8063 
8072 
8080 
8089 
8098 
9 0 0 7  
9 0  1 6  
9.25 
9.34 

0 3 1  - 7 0 8 9  
031  -7.97 
0 3 2  - 8 0 0 5  
0 3 2  - 8 0 1 3  
0 3 2  -8.21 
0 3 3  - 8 0 2 9  
033  -8.37 
0 3 3  - 8 0 4 6  
0 3 4  -8 .54  
0 3 4  -8062  

-13.86 
- 1 4 0  0 0  
-14.14 
-14  2 9  
-14.43 
-14.57 
-14 .71  
-14  8 6  
-15 .00  
-15.15 

- 1 6 0 0 5  
- 1 6 0 2 1  
- 1 6 0 3 7  
-16.54 
-16.70 
-16087  
-17.03 
- 1 7 0 2 0  
-17 .37  
-17.54 

-15 2 9  
-15.44 
-15 .59  
-15 .74  
-15 089  
-16 0 3  
-16.18 
-16 3 4  
-16 .49  
- 1 6 0 6 4  

- 1 7 0 7 0  
- 1 7 0 8 7  
-18005  
-18.22 
-18.39 
- 1 8 0 5 6  
-18 0 7 3  
-18.91 
- 1 9 0 0 8  
- 1 9 0 2 6  

2 1 2 8 0 5 1  
21370  3 4  
2 1 4 6 0 1 3  
2 1 5 4 0 8 9  
2 1 6 3 0 6 1  
2172.29  
2 1 8 0  9 4  
2 1 8 9 0 5 5  
2 1 9 8 0 1 3  
2 2 0 6 0 6 7  

18.54 1 6 0 1 0  9 0 4 3  
18.72 16.25 9 0 5 2  
1 8 0 9 0  1 6 0 4 1  9 0 6 1  
19.08 1 6 0 5 6  9 0 7 0  
1 9 0 2 6  1 6 0 7 7  9 0 7 9  
1 9 0 4 4  16.88 9088 
19.63 1 7 0 0 4  9.98 
1 9 0 8 1  1 7 0 2 0  1 0 0 0 7  
1 9 0 9 9  17.36 1 0 0 1 6  
2 0 0 1 8  1 7 0 5 2  1 0 0 2 6  

0 3 4  - 8 0 7 0  
0 3 5  -8 .79 
0 3 5  -8087  
0 3 5  -8 m96 
036 - 9 0 0 4  
m36 - 9 0 1 3  
036 - 9 0 2 1  
037 - 9 0 3 0  
037 - 9 0 3 8  
037 -9047  

- 1 9 0 4 4  
-19 0 6 1  
-19.79 
- 1 9 0 9 7  
-20  . 1 5  
-20.33 
-21  051 
- 2 0 0 6 9  
-20087  
-2 10 0 6  

3 4 0 0  
3 4 ? 0 0  
3 4 4 0  . 
3 4 6 0  0 

3 4 8 0 0  
3 5 0 0 .  
3 5 2 0 0  
3 5 4 0 0  
3 5 6 0 .  
7 5 8 0 0  

22150  18  
2 2 2 3 0 6 5  
2272.09  
2 2 4 0 0 4 9  
2248.86  
2 2 5 7 0 2 0  
2265.50  
2273.77  
2 2 8 2 0 0 0  
2290.20  

20.36 1 7 0 6 8  10035 
2 0 0 5 5  1 7 0 8 4  1 0 0 4 5  
2 0 0 7 4  18.00 1 0 0 5 4  
20.93 18.16 1 0 0 6 4  
2 1 0 1 1  1 8 0 3 3  10.73 
2 1 0 3 0  18.49 10.83 
21.49 18.66 1 0 0 9 3  
21.69 1 8 0 8 2  11002 
2 1 0 8 8  1 8 0 9 9  11012 
22007  1 9 0 1 5  11022 

e38 -9.56 
038 - 9 0 6 4  
038 - 9 0 7 3  
039 - 9 0 8 2  
039 - 9 0 9 1  
039 - 9 0 9 9  
.40 - 1 0 0 0 8  
040 -10.17 
0 4 0  -10 .26  
041  -10 .35  

-16 7 9  
-16 0 9 4  
- 1 7 0 1 0  
-17.25 
-17.4 1 

-7 0 5 6  
-17 .72  
-17.87 
-18 .03  
- 1 8 0 1 9  

3 6  



TABLE 2B CONTINUED 

GEOMET 
A L T  

GEOPO- 
TENT I AL 

L A T I T U D E  @ ( D E G )  
1 5  30  4 5  6 0  0 7 5  9 0  

R z @-z R Z @  -z R Z@ -2 

3 6 0 0 .  
3 6 2 0 .  
3 6 4 0  
3 6 6 0 .  
3 6 8 0 0  
7 7 0 0 .  
3 7 2 0 .  
3 7 4 0 .  
3 7 6 0 .  
3 7 8 0 .  

2298.4  
2306.5 
2314.6  
2322.7 
2330.7  
2338.7  
2346.7 
2354.6 
2362 .6  
2370 .4  

22  . 
2 2  . 
2 3  
2 3  . 
2 3  
2 3  
2 3  . 
2 4  
2 4  
2 4  

1 9  
1 9 .  
2 0 .  
20 .  
20 .  
20 .  
2 0 .  
2 1  . 
21.  
2 1 .  

11 .  
11 .  
12  . 
12 .  
12 .  
12 .  
12 .  
12 .  
12  . 
12.  

-30 .  
-11. 
-11. 
-11 . 
-11 .  
-11.  
-11 . 
-11. 
-11. 
-11. 

-18. 
-19 .  
-19 .  
-19. 
- 1 9  
-19. 
-19 .  
-19 .  
- 2 0  . 
- 2 0 .  

- 2 1 .  
- 2 1  . 
-22 . 
-22  . 
-22 . 
-22 . 
-22  . 
-23  
-23  
-23 .  

3 8 0 0 0  
3 8 2 0 .  
7 8 4 0 .  
3 8 6 0 .  

3900. 
3 9 7 0  . 
3 9 4 0  
3 9 6 0 .  
3 9 8 0 .  

3 8 8 0 .  

2378.3  
2386 .1  
2393.9  
2401 .7  
2409 .4  
2 4 1 7 .  1 
2 4 2 4 - 7  
2432 .4  
2440 .0  
2 4 4 7  - 6  

2 4  
2 4  
2 5  
2 5  . 
25 
25 
25 
26  
2 6  
26  

-23  
-23  
-24 .  
-24  
- 2 4 -  
- 2 4  
-24 .  
- 2 4 .  
-25. 
- 2 5 -  

21 .  
2 1  . 
2 1  . 
2 2 .  
22  . 
2 2 .  
22 .  
22 .  
22  . 
2 3  

12 .  
1 2  . 
13.  
13 .  
1 3 -  
13. 
13.  
13.  
13 .  
13 .  

-11 .  
-11 .  
- 1 2 .  
-12. 
-12 .  
- 1 2 .  
- 1 2 .  
-12 .  
-12 .  
-12 .  

- 2 0 .  
- 2 0  . 
- 2 0 .  
- 2 0 .  
-21 .  
-21.  
-21 .  
-21. 
-21 .  
-21 .  

4 0 0 0  
4 0 2 0 .  
4 0 4 0 .  
4 0 6 0  
4 0 8 0 .  
4 1 0 0 .  
4 1 2 0 .  
4 1 4 0 .  
4 1 6 0 0  
4 1 8 0 .  

2 4 5 5  1 
2 4 6 2  - 6  
2470.1  
2477 .6  
2 4 8 5  0 
2492 .4  
2499.8 
2507 .2  
2514.5  
2521.8  

26  
27  
27  
27  
27  
27 
2 8  
2 8  
2 8  . 
2 8  

23 .  
23. 
2 3 -  
23  
2 4  
2 4  s 
2 4  
2 4  
2 4  . 
2 4  . 

13.  
13.  
14. 
1 4  
1 4  
14. 
14. 
14-  
14 .  
14. 

-12 . 
-12 .  
-13 .  
-13. 
-13 .  
-13  
-13 .  
-13 .  
- 1 3 .  
- 1 3 .  

-22  . 
-22  . 
-22 .  
-22 .  
-22  . 
-23 .  
-23  . 
-23  0 

-23  
-23 .  

-25 
- 2 5  
-25 .  
-26 
-26 .  
- 2 6 .  
-26 
- 3 6  0 

-27 
-27  

4 2 0 0  
4 2 2 0 .  
4 2 4 0  
4 2 6 0  
4 2 8 0 .  
4 7 0 0 .  
4 3 2 0 .  
4 7 4 0  
4 3 6 0  
4 3 8 0 .  

2529 .0  
2536.3 
2543.5 
2550.7 
2557.8  
2565 .0  
2572.1  
2579 .1  
2586.2  
2593 .2  

2 8  
2 9  
2 9  
2 9  
7 9  . 
30  . 
3 0  
30  
3 0  
30  

25 .  
25  
25  
25 
25 . 
26  
2 6  
2 6  
2 6  
2 6  

14. 
1 s  . 
15 
15 
15 
15 .  
15 
15 .  
15 
15 

-13 .  
-13 .  
-14.  
-14. 
-14 
-14 
-14. 
-14. 
-14. 
-14 

-23 .  
- 2 4  
-24 .  
-24  
-24  
-24 .  
-24  
-25 .  
-25 .  
-25 .  

-27. 
-27. 
-28  
-28 
- 2 8  
-28  
-28  . 
- 2 9  
- 2 9  . 
-2Y . 

4 4 0 0 .  
4 4 2 0  
4 4 4 0 .  
4 4 6 0  
4 4 8  0 

2600.2 
2607.2  
2614.1  
2621 .0  
2627.9 

3 1  
3 1  
3 1  
3 1  
3 2  

27 16 - 6  -14. 
27 16 .  - 6  -14. 
27 .  16 - 6  -15 .  
27  1 6  0 6  -15  
27  1 6  - 6  -15 .  

-25 .  
-25 .  
-26  
-26  
-26  

-24, . 
-29  
- 3 0 .  
- 3 0 .  
- 3 0 .  
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T A B L E  2 8  CONTINUED 

GEOMET GEOPO- 
ALTm T E N T I A L  0 

L A T I T U D E  @ ( D E G )  
3 0  45  6 0  1 5  7 5  9 0  

4 - zR  R Z@ -2 % -z R 
4 5 0 0 .  2634.8 3 2 .  
4 5 2 0 .  2641.6  3 2 -  
4 5 4 0 .  2648.5  3 2 .  
4 5 6 0 .  2655.3  32. 
4 5 8 0 .  2662 .0  33 .  

2 8 -  
2 8  . 
2 8 .  
28 
28 

16 0 6  -15 .  
16 0 6  -15 .  
16 e 0 6  -15 .  
16 - 6  -15 
17 .6 -15 .  

-30 .  
- 3 0  
- 3 1  
- 3 1  
-31 rn 

4 6 0 0 .  2668.8 3 3 .  
4 6 2 0 .  2675 .5  3 3 .  
4 6 4 0 .  2682.2 3 3 .  
4 6 6 0 .  2688.9  3 4 .  
468G.  2695.5 3 4 .  
4 7 0 0 .  2702 .1  3 4 .  
4 7 7 0 .  2708.7  3 4 .  
4 7 4 0 .  2715.3  3 5 .  
4 7 6 0 .  2721.9  3 5 .  
4 7 8 0 .  2728 .4  3 5 .  

- 3 1 .  
- 5 2  . 
-32 
-32  
-12 . 
-32  
- 3 3 .  
-33  . 
- 3 3 .  
-33 . 

29 .  
29 .  
29 .  
2 9  
2 9  
30  
3 0 .  
3 0 .  
30 .  
30 .  

17. 
17 
17 
17 e 

17 
17 
17 
18 . 
18 . 
18 . 

-15 .  
-16  
-16 
-16 
-16 e 

-16 
-16  
-16 
-16  
-16  

-27 .  
-27 .  
-27 .  
-28  
- 2 8 .  
-28 .  
- 2 8 .  
-28  
-29 .  
-29  

4 8 0 0 .  2734.9  3 5 .  
4 8 2 0 .  2741 .4  3 6 .  
4 8 4 0 .  2747.8  3 6 .  
4 8 6 0 .  2754 .3  3 6 .  
4 8 8 0 .  2760.7 3 6 .  
4 9 0 0 .  2767 .1  3 7 .  
4 9 2 0 .  2773.4  3 7 .  
4 9 4 0 .  2779.8  3 7 .  
4 9 6 0 .  2786 .1  3 7 .  
4 9 8 0 .  2792.4 3 8 .  

31 .  
3 1 -  
31. 
31 .  
31 .  
32. 
3 2  
32 
32 
3 3  . 

18 . 
18. 
18 
18 . 
18 . 
19 
19 
19 e 

19. 
19 

-17 
-17 
-17 .  
-17 
-17 .  
-17 .  
-17. 
-17 .  
-17 
-18. 

-29  
-29 .  
-29 .  
- 3 0 .  
-30 .  
-30  
- 3 0  
-30 .  
-31 .  
-31 .  

-34  . 
-34  . 
-34 .  
- 3 4  . 
-35 .  
-35 . 
-35 .  
- 3 5 .  
-35 .  
-36  

5 0 0 0  
5 0 5 0 .  
5 1 0 0 .  
5 1 5 0 .  
5 2 0 0 .  
5 2 5 0 .  
5 3 0 0 .  
5 3 5 0 .  
5 4 0 0  
5 4 5 0 .  

2798.7 3 8 .  
2814.3  3 8 .  
2829.7 3 9 .  
2845 .1  4 0 .  
2860.2  4 0 .  
2875 .3  4 1 .  
2890.2 4 2 .  
2905.0 4 2 .  
2919.7  4 3 .  
2934 .3  44. 

33 . 
3 3  . 
34 . 
34. 
35 . 
36 
36  
37 .  
37 . 
38 .  

19 
19 
20 . 
20. 
20 . 
2 1  . 
21. 
2 1  . 
22 . 
22 . 

-18 .  
-18  . 
-18 
-19 .  
-19 .  
-19 .  
-19 .  
- 2 0 .  
- 2 0 .  
-20 .  

-31 .  
-32 .  
- 3 2  
-33 .  
- 3 3  . 
-34 .  
-34 .  
-35 .  
-35 .  
-36 .  

-36  
-37  . 
-37 . 
-38  
-38  . 
-39  . 
- 4 0  
-40  
-41 .  
-41 

5 5 0 0 .  2948.7 44.  
5 5 5 0 .  2963 .0  4 5 .  
5 6 0 0 .  2977.2 4 6 .  
5 6 5 0 .  2991.3  4 6 .  
5 7 0 0 .  3005.2  47 .  
5 7 5 0 .  3019.1 4 8 .  
5 8 0 0 .  3032.8 4 8 .  
5 8 5 0 .  3046 .4  4 9 .  
5 9 0 0 .  3059.9  5 0 .  
5 9 5 0 .  3073.3  5 0 .  

38 . 
39 
40.  
40 .  
41 .  
4 1  
42 
43  . 
43  . 
44 .  

22. - 8 .  
23 - 8  
23 - 8  
23 - 9  
24 .9 
24 .9 
25 09  
25 .9 
25 -9 
26 .9 

-21 .  
-21 .  
-21 .  
- 2 2  
-22 .  
- 2 2 .  
-23 .  
-23 .  
-23 .  
-24 .  

-36 .  
-37 .  
-37 .  
-38 .  
-39 .  
-39 .  
- 4 0  
-40  
-41. 
-41. 

-42 
-43  . 
-43  . 
-44. 
-45  . 
-45  . 
-46  
-47  . 
-47 . 
-48 
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TABLE 2 8  CONTINUED 

GEOMFT 
A L T  

GFOPO- 
T E N T I A L  

L A T I T I J D E  @ ( D E G )  
1 5  3 0  45  6 0  0 75 YU 

z (km) 
R 

HR(km'  1 

3 0 8 6  - 6  
3 0 9 9  . 8 
3 1  17.9 
3125.8 
3138.7 
3151.5 
3 164.1 
3176.7 
3189.2 
3201..5 

R 2 @-z 
R 

Z@ -z 
R Z@ -z R Z@ - 2  R z @-z' 2 -2 

@ R  

6 0 0 0 .  
6 0 5 0 .  
6 1 0 0 .  
6 1 5 0 .  
6700. 
6 2 5 0 .  
6 3 0 0  
6 3 5 0 .  
6 4 n o  . 
6 4 5 0 .  

-49  . 
- 4 9  . 
- 5 c .  
-51 .  
-51. 
- 5 d .  
- 5 3  . 
-53  . 
- 5 4 .  
-55 .  

5 1  
5 2  . 
5 3  . 
5 3  . 
54  . 
55  . 
5 6  
5 6  . 
5 7  . 
5 8  . 

4 4  . 
4 5  . 
4 6  
4 6  
47  . 
48  
48  . 
49 . 
5 0 .  
50 .  

26 
26 
27 
27 
27 
28 
28 
29  
29  
29  

-24  
-24 .  
-25 .  
-25 .  
-25 .  
-26  
-26  
-26  
-27  
-27 

-42 .  
-43 .  
-43  . 
-44 . 
-44 . 
-45 .  
-46  
-46  
-47 . 
-47  . 

6 5 0 0 .  
6 5 5 0 .  
6 6 0 U .  
6 6 5 0 .  
6 7 0 0 .  
6 7 5 0 .  
6800  
6 8 5 0 .  
6 9 0 0 .  
6 9 5 0 .  

3213.8 
3326.0  
3 2 3 8 .  1 
3250 .0  
3761.9 
3773.7 
3785.5 
3297.1 
3308.6 
3 3 2 0 .  1 

5 9  . 
5 9  . 
6 0  
6 1 .  
6 2  
6 3  
6 3  
6 4  
6 5  
6 6  

5 1 .  
5 2 .  
52. 
5 3 .  
5 4  . 
5 4 .  
55  . 
56. 
5 6  
5 7 .  

30 
30 
31 
31 
31. 
32 
32 . 
33 . 
33 . 
33 . 

-27  
-28  
-28  
-28  
-29  
-29 .  
-30  . 
-30  
-30 .  
- 3 1 .  

-48  
-49  . 
- 4 9  . 
-50 .  
-51 .  
-51 .  
-52  
-53. 
-53 .  
- 5 4 .  

- 5 6  
- 5 6 .  
-57  . 
- 5 8 .  
-5Y . 
-59  . 
-6C 0 

- 6 1  
-62  
-62  

5 8 .  
5 8  
59 .  
6 0 .  
6 1 .  
6 1 .  
6 2 .  
6 3 .  
6 4 .  
6 4  

34  . 
34 . 
35 . 
35 . 
35 . 
36 
36 
37 . 
37 . 
38 

-31 .  
- 3 1 .  
-32 .  
-32 .  
-33 .  
-33 .  
-33 .  
-34 .  
-34 .  
-35 .  

-55 .  
-55 .  
-56 .  
-57 .  
-57 .  
-58 .  
-59 .  
-59 .  
-60  
-61 .  

-63  
- 6 4  
-65  
-65 
-66 
-67 
-66  
- 6 9  
-6Y 
-70 .  

7 0 0 0 .  
7 0 5 0 .  
7 1 0 0 .  
7 1 5 0 .  
7 2 0 0 .  
7 2 5 0 .  
7 3 0 0  
7 3 5 0 .  
7 4 0 0 .  
7 4 5 0 .  

3331.4  
3342.7  
3353.9 
3365 .0  
3 3 7 6 .  1 
3387.0 
3397.9 
3408.7 
3419 .4  
3 4 3 0 .  1 

6 7  
6 7  
6 8  
6 9  
7 0  . 
7 1  
7 2  . 
7 2  
7 3  . 
7 4  . 

7 5 0 0 .  
7 5 5 0 .  
7 6 0 0 .  
7 6 5 0 .  
7700. 
7 7 5 0 .  
7 8 0 0 -  
7 8 5 0 .  
7 9 0 0  
7 9 5 0 .  

3440.6 
3451.1  
3461.5 
3471.8 
3482.1  
3 4 9 2  3 
3 5 0 2  - 4  
3512.5 
3522.4 
3533.3 

7 5  . 
7 6  
7 7  . 
7 8  . 
7 9  . 
7 9  . 
8 0  
8 1  . 
8 2  
8 3  . 

6 5 .  
6 6 .  
6 7 .  
6 7 .  
6 8 .  
6 9 .  
7 0 .  
7 0 .  
7 1 .  
7 2 .  

38 . 
38 
39  . 
39 . 
40.  
4 0  
41 
4 1  
42  
42  

-35  . 
-35 .  
-36  
-36  
-37 . 
-37  . 
-37 . 
-38 . 
-38  . 
-39  . 

-61. 
-62 .  
-63 
-63  
-64 .  
-65 .  
-66  
-66  
-67 .  
-68 .  

-71 
-72  
-73  . 
-73 . 
-74  . 
-75 . 
-76  
-77  . 
-78  
-79  . 

7 3 .  4 3  . - 5  - 3 9  . 
7 4 .  43  -6  - 4 0  
7 4 .  43  . - 6  -40  
7 5 .  44 . - 6  -40  
7 6 .  44 . -6  -41. 

-69 
-69  
-70 .  
-71 .  
-72  

- 7 9  . 
-80  . 
-81 .  
-82 . 
-83  

8 0 0 0  . 
8 0 5 0 .  
8 1 0 0 .  
8 1 5 0 .  
8 2 0 0 .  

3542.2 
3551.9 
3561.6  
3571 .3  
3580.8 

8 4  . 
85 . 
86 
8 7  . 
8 8  . 
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TABLE 2B CONCLUDED 

GEO?O- 
TENT I AL 

L A T I T U D E  
30 4 5  

( DEG 
6 0  7 5  9 0  1 5  0 

2 -2  
O R  

Z O - Z  
R 

2 -z  
O R  R 

H Z $ - Z  
R 

7_ -z 

7 7  
7 8  
7 8  0 

7 9 0  

@ R  

800 

z -2 
0 R O-'R 

45 06 
45 0 6  
46 0 07 
46 0 07 
47. 07 

8 3 5 0 .  
A300 0 

8 3 5 0 0  
8 4 0 0 .  
8 4 5 0  0 

3 5 9 0 0 3  
3599.8 
3 6 0 9  02 
3618.5 
3 6 2 7 0 7  

3 6 3 6  9 
3646 .0  
3655.1  
3 6 6 4 0  1 
3 6 7 3 0 0  
3 6 8 1 0 9  
3 6 9 0 0 7  
3699.5  
3 7 0 8 0 2  
3 7 1 6 0 9  

9 3 .  

95  0 

9 6  0 

9 7  
9 8  
9 9 .  

l O G  0 

1 c 1 0  
1 0 2  0 

94 
8 1 0  
8 2 0  
8 3 0  
840 
8 4 0  
8 5  
8 6  0 

8 7 0  
A8 
8 9 0  

47 .7 

48 08 
49 08  
49 m8 
5 0 0  a 8  
5 0 0  .8 
51 0 8  
510 0 9  
5 2  0 09  

48 0 0 7  
-43  
-44. 
-440 
- 4 5 0  
-45 .  
-45  0 

-46  0 

-47 0 

-47 . 
-48  0 

-76  0 

- 7 7 0  
-78 0 

- 7 9 0  
- 7 9 0  
-800 
-810 
-82 0 

-83 
- 8 3 0  

-88 0 

- 8 9  
- 9 0  
-41 .  
-92 . 
-93  
-94  . 
-95  
-96  0 

-97  

3725.5 
3 7 3 4 0 0  
3742.5  
3 7 5 0 0 9  
3 7 5 9 0 3  
3 7 6 7 0 6  
3 7 7 5 0 9  
3784.1  
3 7 9 2 0 3  
3 8 0 0 0 4  

1 0 3  
1 0 4  0 

105 0 

106  0 

107  0 

1 0 8  . 
1 0 9  
1 1 1 0  
1 1 2 0  
1 1 3  . 

52 m 9  
5 3  0 0 9  
53 09 
54 00 
54 .O 
5 5  a 00 
55 00 
56 .O 
57 0 1  
57 a 1  

-48  . - 8 4 0  
-49 0 -85 . 
-49 0 -860 
-49 . - 8 7 0  
- 5 0  . -88 . 
- 5 0  - 8 8  0 

- 5 1 0  - 8 9 0  
- 5 1 0  -90  
-52 - 9 1 0  
-52 .  -92. 

-97  0 

-98  0 

-9Y 0 

-1000 
-1010  
-102 0 

- 1 0 3  . 
- 1 0 4 0  
-105 
-106  

3 8 0 8 0 4  
3816.4  
3824.4  
3 8 3 2 0 3  
3840.2 
3 8 4 8 0 0  
3855.7 
3 8 6 3  5 
38710  1 
3878.7 

1 1 4 0  
1 1 5 0  
1 1 6 0  
1 1 7 .  
1 1 8 0  
119. 
1 2 0 0  
1 2 1  0 

1 2 2  
1 2 3  

9 9  
1 0 0 0  
1 0 0 0  
1010  
1 0 2 .  
1 0 3 .  
1 0 4 .  
1 0 5  
1 0 6 0  
1 0 7 0  

58. 01 
58 01  
59 01 
59 0 2  
60 0 2  
60 .  02  
6 1  . 0 2  
61 0 2  
62 0 3  
63 0 .3 

-1070 
-1080 
-109 0 

-1100 
-1110 
-1110 
- 1 1 3 0  
-1140 
-1150  
-116. 

1 0 8 .  63  0 0 3  -580 -1010 -1170 1 0 0 0 0 0  3 8 8 6 0 3  125  0 
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Figure 2.1A. Geometric altitude differences between geopotential 
surfaces a t  a reference latitude, and the same 
geopotential surfaces a t  each of seven other latitudes 
a l l  as  a function of the geometric-altitude equiva- 
lents  of the equal-geopotential surfaces, 0 to  
1,000 km. 
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Figure 2.1B. Geometric altitude differences between geopotential 
surfaces a t  a reference latitude, and the same 
geopotential surface a t  each of seven other latitudes,  
a l l  a s  a function of the geometric-altitude equiva- 
lents  of the equal-geopotential surfaces, 0 t o  
10,000 km. 
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F igu re  2.2A. Geometric a l t i t u d e  d i f f e r e n c e s  between each  of f i v e  geo- 
p o t e n t i a l  s u r f a c e s ,  exp res sed  i n  e q u i v a l e n t  geometr ic  
a l t i t u d e s  (200 t o  1,000 lan) a t  a r e f e r e n c e  l a t i t u d e ,  and 
t h e  same f i v e  s u r f a c e s  a t  o t h e r  l a t i t u d e s ,  a l l  a s  a f u n c t i o n  
of l a t i t u d e  from 0 t o  90 degrees .  
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Figure 2.2B. Geometric altitude differences between each of six 
geopotential surfaces, expressed in equivalent geo- 
metric altitudes (1000 to 10,000 km) at a reference 
latitude, and the same six surfaces at other latitudes, 
all as a function of latitude from 0 to 90 degrees. 
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SECCION V I  

SPECIFIC DESCRIPTION OF TABLES 3A AND 3 B  

Tables  3A and 3 B  p re sen t  geopo ten t i a l  d i f f e r e n c e s  H@ - HR as  a 
f u n c t i o n  of the f i r s t  argument p a i r  (columns 1 and 2) f o r  each of seven 
l a t i t u d e s  (columns 3 through 9). The a d d i t i o n  of t h e s e  d i f f e r e n c e s  t o  
t h e  a p p r o p r i a t e  r e f e r e n c e  values  HR which appear  as  t h e  second column 
o f  the argument p a i r  l eads  t o  t h e  same k ind  of in format ion  a s  t h a t  p r e -  
s en ted  i n  s l i g h t l y  d i f f e r e n t  geopo ten t i a l  u n i t s  i n  Table  50 of t h e  
Smithsonian Meteoro logica l  Tables (Ref. 8). These d a t a  may a l s o  be 
cons idered  as  t h e  v a r i a t i o n  of g e o p o t e n t i a l  of equa l  geometr ic  a l t i t u d e  
s u r f a c e s  as  a f u n c t i o n  of l a t i t u d e .  

Values of HS - HR a r e  given i n  column 10 of Tab le  3A w i t h  no s i m i l a r  
Values of HS determined from Equat ions (5) and ( 6 )  l i s t i n g  i n  Table  3B. 

c l o s e l y  approximate t h e  corresponding va lues  of Standard Atmosphere 
g e o p o t e n t i a l s  as  a func t ion  Z p r i o r  t o  the l a t t e r  set  be ing  rounded f o r  
t a b u l a t i o n  purposes.  
Atmosphere f o r  a l t i t u d e s  above 700 km and consequent ly  no va lues  of 
HS - HR are  g iven  i n  Table  3 B  f o r  t h e s e  a l t i t u d e s .  

No va lues  of g e o p o t e n t i a l  a re  g iven  i n  the Standard  

F igu res  3. lA, 3. l B ,  3.2A, and 3.2B provide  g r a p h i c a l  r e p r e s e n t a t i o n s  
of the d a t a  of Tables  3A and 3B. Again, t h e  f i g u r e  n o t a t i o n  fo l lows  t h e  
p a t t e r n  expla ined  above f o r  F igures  1.U, etc. and no v a l u e s  of HS - HR 
a re  g iven  i n  any of t h e  f i g u r e s .  
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TABLE 3A 

GEOPOTENTIAL DIFFERENCES BETWEEN A SERIES OF GEOMETRIC ALTITUDE SURFACES AT A 
REFERENCE LATITUDE AND THE SAME GEOMETRIC-ALTITUDE SURFACES AT OTHER LATITUDES, 

INCLUDING THOSE I N  THE US STANDARD ATMOSPHERE, 
ALL AS A FUNCTION OF GEOMETRIC ALTITUDE 0 t o  1,000 km 

GEOVET 
A L T  I T U D E  

0 .  
2 5 0 .  
5 0 3 .  
7 5 0 .  

100r). 
1 2 5 0 .  
1 5 0 0 .  
1 7 5 0 .  
2 0 0 0 .  
2 2 5 0 .  

2 5 0 0 .  
2 7 5 0 .  
3 0 0 0 .  
3 2 5 P .  
3 5 0 3 .  
3 7 5 0 .  
4 0 0 0 .  
4 2 5 0 .  
4 5 0 0 .  
4 7 5 n .  

5 0 0 0 .  

5 5 0 n o  
5 7 5 0 .  
6 0 0 0 .  
6 2 5 0 .  
6 5 0 3 .  
6 7 5 9 .  
7 0 0 0 .  
7 2 5 0 .  

5 2 5 0 .  

7 5 0 0 .  
7 7 5 0 .  
8 0 0 0 .  
8 2 5 0 .  
8 5 0 0 .  
8 7 5 0 .  
9 0 0 0 .  
9 2 5 0 .  
9 5 0 0 .  
9 7 5 0 .  

GEOPO- 
TENT I AL 

H ( m f  
R 

0.0 
249.9 
499.9 
7 4 9  09 
9 9 9  08 

1249.7  
1499.6  
1749.5 
1999.3  
2249.2  

2499.0  
2748.8  
3998.5  
3 2 4 8  0 3  
3498.0  
3747.7 
3997.4  
4 2 4 7  1 
4496.8  
4746 .4  

4996 .0  
5245.6 
5495.2  
5744.8  
5994.3  
6 2 4 3 . 8  
6493 .3  
6742 .8  
6992.3  
7 2 4 1  0 7  

7491 .1  
7 7 4 0 . 5  
7 9 8 9 . 9  
8239.3  
8 4 8 8  0 6  
8737.9  
8987.2  
9236.5  
9485.8 
9735.0  

0 

H -H @ R  

-0.0 
-0.7 
-1  0 3  
-2  .O 
-2  07 
-3 04 
-4.0 
- L a 7  
- 5  04 
-6.0 

-6.7 
-7.4 
- R  0 0  
-8.7 
-9.4 

-10.1 
-10.7 
-11 04 
-12.1 
-12.7 

-1 3 0 4  
-14  1 
-14.7 
-15.4 
-16.1 
-16.8 
-17.4 
-18.1 
-18.8 
-19.4 

-20.1 
- 2 0  8 
-21  0 5  
-22  . 1 
-22.8 
-23 0 5  
- 2 4  1 
-24.8 
-25.5 
-26.1 

15  

Ho -H R 
-0.0 
-0.6 
-1.2 
-1.7 
-2.3 
-2.9 
-7.5 
-4.1 
-4.7 
-5.2 

-5.8 
-6.4 
-7.0 
-7 - 6  
-8.2 
-8 07 
-9.3 
-9.9 

-10.5 
-11.1 

-11.6 
- 1  2.2 
-12.8 
-13.4 
-14.0 
-14.6 
-15.1 
-15 07  
-16 3 
-16.9 

-17.5 
-18 .  1 
-18.6 
-19.2 
-19.8 
-20  4 
-21.0 
-21.6 
-22.1 
-22  7 

L A T I T U D E  @ ( D E G )  
30 

C H R  

- 0  00 
-0.3 
-0.7 
-1.0 
- 1  0 4  
-1 -7 
-2.1 
- 2  0 4  
- 2  07 
-3.1 

- 3  04 
- 3  0 8  
-4.1 
-4.4 
-4.8 
-5.1 
-5  0 5  
- 5  08 
-6 02 
-6.5 

-6.8 
-7 0 2  
-7.5 
-7.9 
-8 02 
-8.5 
-8.9 
-9.2 
-9.6 
-9.9 

- 10.3 
-10.6 
-10.9 
-11.3 
-11  0 6  
-12.0 
-17.3 
-12.7 
-13.0 
-13.3 

4 5  6 0  

H -H R @ R  Ho -H 

- 0 0  
-00 
-00 
-.O 
-.o 
-01  
-01  -. 1 
-01  
- 0 1  

- 0 1  
-01  
- 0 2  
-02  
-02  
- 0 2  
- 0 2  
- 0 2  
-02  
-02  

-02 
-03 
-03  
-03 
- 0 3  
-.3 
-03 
-03 
-03 
- 0 4  

- 0 4  
-04 
- 0 4  
-04 
-04 
- 0 4  
-04  
- . 5  
- 0 5  
-.5 

0.0 
0.3 
0.6 
1.0 
1.3 
1.6 
1.9 
2 . 2  
2.5 
2.9 

3 0 2  
3.5 
3.8 
4.1 
4.4 
4.8 
5.1 
5 04 
5.7 
6.0 

6.4 
6.7 
7.0 
7.3 
7.6 
7.9 
8.3 
8 0 6  
8.9 
9.2 

9.5 
9.8 

10.2 
10.5 
10.8 
11.1 
11.4 
11.8 
12.1 
12.4 

7 5  

H -H 
@ R  

0.0 
0.6 
1.1 
1.7 
2.2 
2.8 
3.4 
3.9 
4.5 
5.9 

5.6 
6.2 
6.7 
7.3 
7.8 
8.4 
9.0 
9.5 

10.1 
10.6 

11.2 
11.8 
12.3 
12.9 
13 .4  
14.0 
14.6 
15 .1  
15.7 
16.2 

16.8 
17 .4  
17.9 
18.5 
19 .0  
19.6 
20.2 
20.7 
21.3 
21.8 

9 0  

0-% 

0.0 
0.6 
1.3 
1.9 
2 0 6  
3.2 
3 09 
4.5 
5 0 2  
5 08 

6.5 
7.1 
7.8 
8 0 4  
9.1 
9.7 

10 .4  
1 1  00 
1 1  - 7  
12.3 

13.0 
13.6 
14.3 
14.9 
15  0 6  
16.2 
16  09 
17.5 
18  - 2  
18.8 

19.5 
20 .1  
20.8 
2 1  0 4  
22 .O 
22 - 7  
23.3 
2 4  0 0  
24.6 
25.3 

H -H 
S R  
-00 
-00 
-00 
-.!I 
-.O 
-00 
- 0 3  
-09 
-.O 
-.n 

-00 
-00 
-09  
-.c -. 9 
-.O 
-.o 
-00 
-00 
- 0 0  

-00 
-.(I 
-00 -. 0 
-00 -. 3 
-00 
-00 
-00 
-.O 

-00 
-00 
-00 
-00 
-00 -. 0 
-.O 
-.O 
-00 
-00 
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GEOMET. 
A L T I T U D E  

2 R(m 1 

1oor)o. 
1025r)m 
1 o5nn. 
10750.  
11000 .  
11500 .  

1200fl .  
17533 .  
13ono .  
1353". 
14000 .  
1459'. 

15000 .  

1hOOne 
1 4 5 0 q m  
17OOP. 
17500 .  
1R03n 
18500 .  
19000 .  
19500 .  

7fl0')". 
205r)r1.  
2103C. 

2 7 0 0 0 .  
2250C. 
73009.  
73500 .  
74070.  
7 4 5 9 3  

75031.  
75503.  
26000  
26500.  
27000.  

2800CI. 
28500.  
79000.  
29503. 

15500  . 

2i5n0.  

27500. 

GEOPO- 
TENT I AL 

H R(m' 1 

9984  2 
1 0 2 7 3  0 4  
10482.6 
10731.0 
10980.9 
11479 e 2  

11977.3 
12475 e4 
12073.4 
13471.3 
13969.2 
14467.0 

14964.6 
15467 2 
15959 e 8  
16457 7 
16954 - 6  
1745 1.9 
17949.1 
18446.3 
18943.7 
19440.3 

19937.2 
20434 1 
20970.8 
21427.5 
2 1924.1 
22420.6 
22917.0 
23413.4 
27909.7 
24405 e9 

24902 0 
25398.1 
25894 0 
26389.9 
26885.8 
27381.5 
27877 2 
28 37 2 e7 
28868.3 
29363.7 

0 

H -H R 
-26  8 
-77.5 
-28  .7 
-28.8 
-29.5 
-30 e 8 

- 3 2 . 2  
-33 a5 
-3(+ .9 
-76 2 
-37 .6 
-38.9 

-40.2 
-41 0 6  
-42 m9 
-44 . 3 
-45.6 
-46 9 
-48.3 
-49 m6 
-51 0 0  
-52.3 

-53.7 
-55.0 
-56.3 
-57.7 
-59.0 
-60.4 
-61.7 
-63.1 
-64 e4 
-65.7 

-67.1 
-68 a4 
-69.8 
-71.1 
-72 e5 
-73.8 
-75 2 
-76.5 
-77.8 
-79.2 

TABLE 

1 5  

H -H 
+ R  

-23 3 
-23.9 
-74.5 
-25.0 
-25.6 
-26 8 

-2R.O 
-29- 1 
-30.7 
-31.5 
-33 6 
-33.8 

-35.0 
-36.1 
-37.3 
- 7 6  5 
-39.6 
-40.8 
-42 0 
-43.1 
-44.3 
-45.5 

-46.6 
-47 8 
-49. 0 
-50. 1 
-51.3 
-52.5 
-53.6 
-54.8 
-56.0 
-57.1 

-58.3 
-59.5 
-60.6 
-61-8 
-63.0 
-64.1 
-65 3 
-66 5 
-67.6 
-68.8 

3A CDNT I NIJET? 

L A T I T U D E  @ ( D E G )  
3 0  

@-HR 

-13.7 
-14.0 
-14.4 
-14.7 
-15.0 
-15.7 

-16 4 
-17.1 
-17.8 
-18 5 
-19.2 
-19.8 

-20.5 
-21.2 
-21 .9 
- 2 2  m6 
-23.3 
-23.9 
-24.6 
-25.3 
-26 0 
- 2 6  7 

-27.4 
-28 1 
-28 m7 
-29 e 4  

-30.1 
-90.8 
-31 m5 
-32.2 
-32.9 
-73.5 

-34 e 2 
-34.9 
-35 m 6  
-36 3 
-37 0 
-37 a 6  
-38.3 
-39.0 
-39.7 

45 6 0  

H@-H H@ -14 R R 

-.5 
- * 5  
-.5 
-.h 
-.h 

-.6 
- e 6  
-07 
-.7 
-.7 
-.7 

- . A  
- . A  
- a 8  
-.R 
-09 
-.9 
-.9 
-.9 

-1 .O 
-1 e o  

-1 .n 
-1 .O 
-1.1 
-1 .1 
-1.1 
-1.1 
-1.1 
-1 .2 
-1 .7 
-1 .? 

-1 e 3  
-1 e 3  
-1 m 3  
-1.3 
-1.4 
-1 .4 
-1 .4 
-1 e 4  
-1.5 

-40.4 -1.5 

12.7 
13.0 
13.7 
13.7 
14.0 
14.6 

15.3 
15.9 
16.5 
17.2 
17.8 
18.4 

19.1 
19.7 
20.7 
21.0 
2 1  .6 
22.3 
22.9 
23.5 
24.2 
24.8 

25.4 
26.1 
26.7 
27.3 
28.0 

29.3 
29.9 
30.5 
31  m7 

28.6 

31  m 8  
32 0 4  
33.1 
33.7 
34.3 
35.0 
35  e6 
36.3 
36.9 
37.5 

75  

"R 

22.4 
23.0 
23.5 
24.1 
24.6 
25.8 

26.9 
28.0 
29.1 
30.2 
31.4 
32.5 

33.6 
34.7 
35 .8 
37.0 
38.1 
39.2 
40 .3  
41.4 
42.6 
43.7 

44.d 
45.9 
47.0 
48.2 
49.3 
50.4 
51.5 
52.7 
53.8 
54.9 

56.0 
57.1 
58.3 
59.4 
60.5 
61.6 
62.7 
63.9 
65.0 
66.1 

Y O  

@-HR 

25.9 
26 m 6  
27 e 2  
27.9 
28.5 
29.8 

31.1 
32 - 4  
33.7 
35.0 
36.7 
37 .h 

38.9 
40.2 
41.5 
42.8 
44.1 
45 .4 
46.7 
48 .o 
49 3 
50.6 

51 e 9  
53.2 
54.5 
55  .R 
57. 1 
58 04 
59.7 
6 1  S O  

62.3 
6 3  m 6  

64.9 
66.2 
67.5 
68.8 
70.1 
71 m4 
72 0 7  
74.0 
75  .3 
76.6 

H - t i  S R  

-.o 
-.o 
-.o 
-e0 
-.n 
-.O 

- . 0 
- e r r  

-.Q 
- * c  
-.o 
-.o 

-.o 
-.o 
-*Q 
- * c  
-.3 
- e o  

- a 9  
-.o 
-.O 
-.@ 

- e ( ?  

-*Q 
-.c 
-.3 
-.O 
-.o 
- e o  

-.o -. c 
- [! 

-.o 
-.o 
-.o 
-.o 
-.o 
-.O 
-00  
-.o 
-.o 
-.o 
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4 0 0 ? 0 .  
4 1 0 9 0 0  
4 2 0 0 0 0  
4 3 0 0 P .  
4 4 0 0 0 .  
4 5 0 9 0 .  
4600 ‘1  
4 7 0 3 0 .  
4 8 0 3 0 .  
4 9 0 Q f  

5000n. 
5 1 0 0 P .  
5700C‘. 
5 3 0 0 0 .  
5 4 0 0 0  
5 5 0 0 0 .  
5 6 0 0 0 .  
5703C.  
5 S O r ) ” .  
5 9 0 0 n  . 
6 0 0 0 0 .  
6 1 0 0 0 .  
6 2  000  
6 3 0 0 0 .  
6 4 0 0 0  
6 5 0 0 0 .  

6 7 0 0 0  
68000. 

6 6 o n n .  

GEOPO- 
TENT 1 AL 

% ( m’) 
2 9 8 5 9  0 0  
30754.3  
30849.5 
31344.6 
31839.7 
3 2 8 2 9  0 5  

33819.1  
3 4 8 0 8  0 3  
35797.2  
3 6 7 8  5 8 
3 7 7 7 4  1 
3 8 7 6 2 0 1  

3 9 7 4 9  0 8  
40737.2  
41774.3  
4 3 7 1  1.0 
4 3 6 9 7  0 5  
44683.6  
4 5 6 6 9  0 5  
46655.0  
47640.2  
4 8 6 2 5 0 1  

4 9 6 0 9  0 7  
50594.0  
51578.0  
5 2 5 6 1  0 7  
5 3 5 4 5  1 
54528.2  
55510 .9  
5 6 4 9 3  0 4  
5 7 4 7 5  05 
58457 .4  

5 9 4 3 8  .9 
60420 .2  
61402 .1  
6 2 3 8 1  0 7  
63362 .0  
64342 .0  
65331.7  
6 6 3 0 1  0 1  
6 7 2 8 0 .  2 

0 

R Ha -H 

-80.5 
-81  0 9  
-87.2 
-84.6 
-85  09 
- 8 8  0 6  

- 9 1  0 3  
-94.0 
-96 . 7 
-99.3 

-102.0  
-104.7 

-107.4  
-110.1 
-112.8 
-115.5 
-118.2  
- 1 2 0 0 9  
-123  06 
-126.2 
-128.9 
- 1 3 1  0 6  

-134.3 
-137.0  
-139.7 
-142  m4 
- 1 4 5  1 
-147  08 
-150.5 
-153.2  
-155  0 9  
-150.6  

-161.2 
-163.9  
-166.6 
-169.3  
-172  00 
-174.7  
-177 .4  
-180.1 
-182  8 

TABLE 

1 5  

@-HR 
-70.0 
-71.1 
-72.3 
-73.5 
- 7 4  6 
-77 0 

- 7 9  . 3 
-81.6 
-84.0 
-86.3 
-88.6 
-91.0 

-93.3 
-95.7 
-98 0 

-100.3 
-1 02 07  
-105.0 
-107.3 
-109.7 
-112.0 
-114.4 

-116.7 
-119.0 
-121.4 
-123.7 
-126.1 
-128.4 
-130.7 
-133.1 
-135.4 
-1 37 8 

-140.1 
-142.4 
-144.8 
-147.1 
-149.5 
-151.8 
-154.1 
-156.5 
-158.8 

6 9 0 0 0 .  68259.0  -185.5 -161.2 

3 A  CONTINUED 

L A T I T U D E  @ 
30 45  

-41.1 -1.5 
-41.8 -1.5 
-47.4 -1.6 
-43.1 -1.6 
-43.8 -1.6 
-45.2 -1.7 

-46.6 -1.7 
-47.9 -1.8 
-49.3 -1.8 
-50.7 -1.9 
-52.0 -1.9 
-53.4 -2.0 

-54.8 -2.0 
-56.2 -2.1 
-57.5 -2.1 
-58.9 -2.2 
-60.3 -2.2 
-61.7 -2.3 
-63.0 -2.3 
-64.4 -2.4 
-65.8 -2 .4 
-67.1 -2.5 

-68.5 -2.5 
-69.9 -2.6 
-71.3 -2.6 
-72.6 -2.7 
-74.0 -2.7 
-75.4 -2 08 
-76.8 -2.8 
-78.1 -2.9 
-79.5 -2.9 
-80.9 -3.0 

-82.2 -3.0 
-83.6 -3.1 
-85.0 -3.1 
-86.4 -3.2 
-87.7 -3.2 
-89.1 -3.3 
-90.5 -3.3 
-91.9 -3.4 
-93.2 -3.4 
-94.6 -3.5 

( D E G )  
6 0  

R 

38.2 
38  m 8  
39.4 
4 0 0 1  
40.7 
42.0 

43.3 
44.5 
45.8 
47.1 
4 8 0 4  
4 9  06 

50.9  
52.2 
53.5 
54.7 
56.0 
57.3 
5 8  06  
59.8 
61.1 
62.4  

63.7 
64.9 

67.5 
6 8  m 8  
70 .0  
71.3 
72 06 
73.9  
75.1 

76.4 
77.7 
79 .0  
80.3 
81.5 
82  0 8  
84.1 

H$ -H 

6 6 0 2  

85 .4  
86.6 
87 .9  

7 5  

H @-H R 
67.2 
6 8 . 4  
6 9 0 5  
70.6 
71.7 
74.0 

76.2 
78.5 
80.7 
82 .9  
85.2 
87.4 

89.7 
91.9 
94.2 
96.4 
98.7 

100.9 
103.2  
105 .4  
107.7 
109 .9  

112.1 
114 .4  
116.6  
118.9  
121.1 
123.4  
125.6 
127.9 
130.1 
132.4  

134.6 
136.9  
139 .1  
141.4  
143.6 
145.9 
148 .1  
150 .4  
152.6 
154.9  

9 0  

H@ -H R 
77.9 
79.2 
80.5 
8 1  e 8  
83.1 
8 5  0 7  

88.3 
90.9 
93.5 
96.1 
98  0 7  

1 0 1  03  

1 0 3  0 9  
106 m5 
1 0 9  . 1 
111.7 
114.3 
116.9  
119.5 
122 . 1 
124.7 
127 03 

129.9 
132.5 
135  1 
137 7 
1 4 0  3 
142 0 9  
145 m6 
148.2 
150.8 
153 .4  

156.0 
158.6 
1 6 1  0 2  
163.8 
1 6 6  0 4  
1 6 9  0 
171.6 
174.2 
176  8 
1 7 9  0 4  

% -‘R 
-00 
-00 
-.o 
-00 
- 0  0 
-00 

-00 
-00 
-00 
-00 
-03 
-00 

-00 
-00 
-00 
-00 
-00 
-00 
- 0 3  
-00 
- 0  1 
- 0  1 

- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 -. 1 -. 1 

- 0  1 -. 1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
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TABLE 3 A  CONTINIJED 

. 
GFOMET. GEOPO- L A T I T U D E  @ (DEGI 

A L T I T t J D E  T E N T I A L  0 1 5  3 0  45  6 0  

6 9 2 3 7  5 
7 0 2 1 5  0 7  
7 1  1 9 3 0 6  
77171 .2  
7 3  1 4 8  0 4  
74125 .4  
75102 .0  
7 6 0 7 8  0 4  
77054.5  
78030.2  

7 9 0 0 5  07 
7 9 9 8 0 0 8  
8 0 9 5 5  0 7  
81930.2  
82904.4  
8 3 8 7 8 0 4  
84852.0  
8 5 8 2 5 0 3  
8 6 7 9 8  0 4  
8 7 7 7 1  0 1  

1Ooo00 9 8 4 5  1.2 
1 0 2 0 0 0 0  100389.1  
104OOOo 102325.9  
1060000 104261.4  
1080000 1 0 6 1 9 5 0 7  
1 1 0 0 0 0 .  108128 .8  
1 1 7 0 3 3 0  110060.8  
1 1 4 0 0 0 .  1 1 1 9 9 1 0 5  
1 1 6 0 0 0 .  1 1 3 9 2 1  1 
1 1 8 0 0 0 0  115849.5  

1 2 0 0 0 0 .  
1 7 5 0 0 0 .  
13OO000  
115(100. 
1 4 0 0 0 0 .  
1 4 5 0 0 0 .  
15OOOOo 
1 5 5 0 0 0 .  
1 6 0 0 3 0 .  
1 6 5 0 0 0 .  

117776.6  
122589.3  
1 2 7  3 9 4  0 6  
1 3 2 1 9 2  06 
1 3 6 9 8 3 .  1 
141766.2  
146  5 4 2  0 
151310.5  
1 5 6 0 7  1 0 6  
1 6 0 8 2 5  0 5  

-188.2 
-190.9 
-193.6 
-196.3 
-199.0 
- 2 0 1  07 
-2  0 4  4 
-207  1 
- 2 0 9  8 
-212.5 

-215.2 
-217 .9  
-220.6 
- 2 2 3  3 
-226.0 
-228.7 
- 2 3 1  04 
-234.1  
- 2 3 6  0 8 
-239.5  

- 2 4 2  0 2 
- 2 4 7  6 
- 2 5 3 . 0  
-258 .4  
- 2 6 3 0 8  

-269.2 
- 2 7 4  0 6  
-28  0 00 
-285.4 
-290.8  
- 2 9 6  2 
- 3 0 1  oh 
-307.0 
- 3 1 2 0 4  
-317.8 

-323.2 
- 3 3 6  0 8 
-359.3 
- 7 6 3 0 8  
-377.4 
-390.9 
-404.4 
-418.0 
- 4 3  1. 5 
-445  1 

- 1 6 3 0 5  
-165.8 
- 1 6 8 0 2  
- 1 7 0 0 5  
-172.9 
-175.2 
-177.6 
-179.9 
-182.2 
-184.6 

-186.9 
- 1 8 9 0 3  
-19106  
- 1 9 4 0 0  
-196 3 
-19807  
-201.0 
- 2 0 3 0 3  
-205 7 
-208.0 

-210.4 
- 2  15 1 
-219.8 
-2 2 4  5 
-229  0 1 

-233.8 
-2380 5 
-243 2 
-247.9 
-252.6 
-257.3 
-262.0 
-266 7 
-271.4 
-276. 1 

-280.8 
-292 6 
-304  3 

-327.8 
-339.6 
-351.4 
-363 1 
-374  9 
-386 7 

- 3 1 6 0  1 

7 5  

H@-H 

157 .1  
159.4  
161.6 
163 .9  

1 6 8 0 4  
1 7 0 0 6  
1 7 2  - 9  
175 .1  
177 .4  

1 6 6 0  1 

1 7 9 0 6  
1 8 1 0 9  
1 8 4 .  1 
186.4  
188.7  
190.9  
1 9 3 0 2  
195.4  
197.7 
1 9 9 . 9  

202.2 
206.7 
2 :  1.2 

2 2 0 0 2  
215.7 

2 2 4 0 7  
229.2 
233.7  
238.2 
2 4 2 0 8  
2 4 7  3 
251.8 
256.3  

265.3  

2 6 9 0 9  
2 8 1 . 1  
2 9 2  5 
303.7 
315.1  
3 2 6  3 
337.7 
3 4 9 0 0  
360.3  

260.8 

371.6 

YO 

C H R  

182.0 
184.6  
107.3  
1 8 9  09 
1’32.5 
1 3 5  I 
197.7 
200.3  
202 .9  
205  e 5  

2 0 8  0 1 
210.7 
L13.3  
216.0 
218  06 
221.2  
2 2 3 0 8  
2 2 6 0 4  
2 2 9  0 
2 3 1 0 6  

2 3 4 0 2  
2 3 9  . 5 
244.7  
2 4 9  9 
2 5 5  1 

2 6 0 0 4  
2 6 5 0 6  
270.8  
276.0  
2 8 1  3 
2 8 6  5 
2 9 1  0 7  
2 9 6  0 9  
3 0 2  0 2  
307 0 4  

312  06 
3 2 5  0 7  
338.8 
3 5 1  0 9  
365  0 
378  1 
391.2 
4 0 4  3 
417.4 
430 5 

H s-HR 

- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0 2  

-02 
-02 
-02  
-02  
-02 
-02 
- 0 2  
- 0  2 
- 0 2  
- 0 2  

-02 
- 0 2  
- 0 2  
- 0 2  
-03  

- 0  3 
- 0  3 
- 0  3 
- 0  3 
- 0  3 
- 0  3 
- 0  3 
- 0 4  
- 0 4  
- 0 4  

- 0 4  
- 0  4 
- 0  5 
- 0 5  
- 0 6  
- 0  6 
- 0  7 
- 0  7 
-08 
- 0  9 
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TABLE 3A  CONTINUED 

GEOMFT GEOPO- LATITUDE @ ( D E G )  
A L T I T U D E  T E N T I A L  0 1 5  3 0  4 5  6 0  

7 (km) 
R 

H (mf) 
R 

H -H O R  H -H 
O R  H -H 

O R  H -H 
@ R  

1 7 0 .  165572 .0  -458.6 -398.5 -233.9 -8.5 
1 7 5 .  170311 .3  -472.2 -410.3 -240.9 -8.8 
180. 175043.4  -485.8 -422.0 -247.8 -9.1 
1 8 5 .  179768.2  -499.4 -433.9 -254.7 -9.3 
1 9 0 .  184485.8  -512.9 -445.6 -261.6 -9.6 
1 9 5 .  189196 .2  -526.5 -457.4  -268.6 -9.8 

7 0 0  1 9 3 8 9 9  0 4  
7 0 5 .  198595 .4  
2 1  '-le 203284 .3  
2 2 5 .  207966.1  
2.70. 212640.7  
7 2 5 .  217368.2  
2 3 0 .  221968.7  
735 .  226677.1  
7 4 0 .  231768.4  
7 4 5 .  335907.7  

-540.1  -469.2 -275.5 
-553.7 -481.0 -282.4 
-567.3 -492.8 -289.3 
-580.9 -504.6 -296.3 
-594.5 -516.4  -303.2 
-608.0 -528.7 -310.2 
-621.7 -540.1  -317.1 
-635.2 -551.9 -324 .0  
-648.9 -563.7 -331.0 
-667.5 -575.5 -337.9 

-10.1 
-10.3 
-10.6 
-10.8 
-11.1 
-11.3 
-11.6 
-11.8 
-12 . 1 
-12 04 

7 5 0 .  240539.9  -676.0 -587.7 -344.8 -12.6 
7 5 5 .  245165 .2  -689.7 -599.2 -351.8 -12.9 
2 6 P .  249783.5  -703.3 -611.0 -358.7 -13.1 
2 6 5 .  254394 .8  -716.9 -622.8 -365.7 -13.4 
77'7. 258999.1  -730.5 -634.7 -372.6 -13.6 
3 7 5 .  263596.5  -744 .1  -646.5 -379.6 -13.9 
7 8 0 .  268187.0  -757.7 -658.7 -386.5 -14.1 
7 8 5 .  273770.5  -771.4 -570.2 -393.5 -14.4 
7 9 0 .  277347.2  -785.0 -682.0 -400.4  -14.6 
7 9 5 .  281917 .0  -798.7 -693.9 -407.4 -14.9 

3 0 0 .  
310.  
3 7 0 .  

3 4 0 .  
3 5 0 .  
3 6 0 .  
3 7 0 .  
3 8 0 .  
3 9 0 .  

33n. 

286479 .9  
2 9 5 5 8 5  0 2  
'304663 2 
313714.0  
3 2 2 7 7 7  0 9  
331734.8  
3 4 0 7 0 4  0 9  
3 4 9 6 4 8  e 4  
358565.3  
3 6 7 4 5 5  0 8  

-812.3 
-839.5 
- 8 6 6  0 8 
- 8 9 4  . 1 
-921.4 
-948.7 
-976.0 

- 1 0 0 3  3 
-1030.6 
-1057.9 

-705.7 
-729  4 
-753.1 
-776.8 
-800.5 
-824.2 
-847.9 
-87  1 6 
-895.4 
-919.1 

4 0 0 .  376320.0 -1085.2 -942.8 
4 1 0 .  3 8 5 1 5 8 0 0  -1112.6 -966.6 
4 2 0 .  393969.9  -1139.9 -990.3 
4 3 0 .  402755 .7  -1167.2 -1014.0 
4 4 0 .  411515 .8  -1194.5 -1037.8 
4 5 0 .  420250 .1  -1221.9 -1061.5 
4 6 0 .  428958 .9  -1249.2 -1085.3 
4 7 0 .  437647 .0  -1276.5 -1109.0 
4 8 0 .  446299 .8  -1303.9 -1132.8 
4 9 0 .  454932.3 -1331.2 -1156.6 

-414.3 -15.1 
-428.2 -15.7 
-442.1 -16.1 
-456.1 -16.7 
-470.0 -17.2 
-483.9 -17.7 
-497.8 -18.2 
-511.8 -18.7 
-525.7 -19.2 
-539.6 -19.7 

-553.5 -20.2 
-567.5 -20.7 
-581.4  -21.3 
-595.3 -21.7 
-609.3 -22.3 
-623.3 -22.8 
-637.2 -23.3 
-651.1 -23.8 
-665.1 -24.3 
-679.0 -24.8 

H -H 
O R  

217.4 
223.8 
230.2 
236.7 
2 4 3  1 
2 4 9  5 

256.0 
262  0 4  
268.9 
275.3 
2 8 1  0 7  
288.2 
294.6 
301.1 
307.5 
313.9 

320.4 
326.9 
333.3 
339.8 
3 4 6  2 
352.7 
359.2 
3 6 5  0 6  
372  1 
378.5 

385.0 
397.9  
410.8 
423.8 
436.7 
449.6 
4 6 2  0 6  
475.5 
488 .4  
5 0 1  e 4  

514.4 
527.3 
540.2  
553.2 
566.2 
579.1 
592.0 
605.0  
618.0  
630 .9  

7 5  

H -H 
@ R  

382.9 
394.3  
4 0 5  e6 
416 .9  
428.2  
439.6  

450.9  
4 6 2  3 
473.5  
484.9  
496.3  
507.7 
519 .0  
530.4 
541.7 
553.1  

5 6 4  4 
575.8 
587.2 
598.5 
609.9  
621.3  
632.7  
644 .0  
6 5 5 . 4  
666.8  

678.2  
7OG.9 
723.7 
746.5  
769 .3  
792.0  
814 .9  
837.7 
8 6 0 . 4  
883.3 

906.1  
928.9  
951.7 
974.5 
997.3 

1020 .1  
1043.0  
1065.3  
1088.6 
1111.4  

Y O  

H -H 

4 4 3  . 7 
4 5 6  8 
469 9 
483.0 
4 9 6  Z 
509.3 

O R  
H -ti 
S R  
-09 

-1.0 
-1.1 
-1.1 
-1.2 
-1.3 

522.4  -1.4 
535.6 -1.5 
548.7 -1.5 
561.8 -1.6 
575.0 -1.7 
588.2 -1.8 
601 .3  -1.9 
614.5  -2.0 
627.5 -2.2 
640.8 -2.3 

653.9  -2.4 
667.1 -2.5 
680.3  -2.6 
693.5 -2.8 
706.5 -2.9 
719.8 -3.0 
733.0  -3.2 
746.1  -3.3 
759.3  -3.5 
772.5 -3.6 

785.7 -3.8 
812.1  -4.1 
838.5 -4.4 
8 6 4  09 -4 e 
891.2 -5.2 
917.6 -5.6 
944.1  -6.0 
970.5 -6.4 
996.9 -6.9 

1023.3  -7.3 

1049.8 -7.8 
1076.2 -8.3 
1102.6  -8.9 
1129.1  -9.4 
1155 .5  -10.0 
1181.9  -10.6 
1208 .3  -11.2 
1234.8 -11.9 
1261.2 -12.5 
1287.7  -13.2 
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TABLE 3 A  CONCLlJDED 

GEOMET GEOPO- LATITUDE @ ( D E L )  
ALTITIJDE TFNTIAL  0 15 30  45 6 0  75  9 0  

R 
H@ -H H -H 

4 R  H -H H -H H -H 
@ R  4 R @ R  

H -h 
O R  

H -H kt -H 
0 R S R  

4 6 3 5 3 9  e6 
4 7 2  12 1 e8 
4 8 0 6 7 9  1 
4 8 9 2 1 1 0 6  
4 9 7 7 1 9  e 7  
5 06 202  3 
5 1 4 6 6 0  8 
523095.0  
5 3  1504.7 
5 3 9 8 9 0 .  3 

- 1 3 5 8 0 6  
-1385.9  
-1413.7 
-1440.6  
- 1  46 7 9 
-1495.2 
- 1 5 2 2 0 6  
-1549.9  
- 1 5 7 7 0 7  
- 1 6 0 4  5 

-1180.3 
-1 204  0 
-1227 8 
-1251.6 
-1275.7 
-1299.0 
-1  322.8 
-1346.5 
-1 370  2 
-1394.0 

-693.0 
-706.9  
-720.9  
-734.e 
-748  0 7  
- 7 6 2 0 7  
-776 h 
- 7 9 0 0 6  
-804.5 
-81e.4  

- 2 5 0 3  6 4 3 0 9  
-2508  6 5 6 0 9  
- 2 6 0 4  6 6 9 0 8  
- 2 6 0 9  682.8  
-27.3 695.7  

- 2 8 0 4  7 2 1 0 5  
-28.9 734.6  
- 2 9 0 4  7 4 7 0 6  
-29.9 760.5 

- 2 7 0 9  7 0 8 0 7  

1134.3  
1157.1  
1 1 7 9 0 9  
1202.7 
1 2 2 5 0 6  
1 2 4 8 0 4  
1271.2 
1294.0  
1316 .9  
1339.7  

6 0 0 .  
6 l n o  
6 2 0 .  
6 ’300  
6 4 0 0  
6 5 0 .  
6 6 0 0  
6 7 9 0  
6 8 0 .  
6900 

5 4 8 2 5 1  08 
5 5 6 5 8 9  0 3  
564902 .8  
573192.6  
581458.6  
5 8 9 7 0 1  1 
597920.1  
6 0 6  115  0 7  
614288 .0  
6 2 2 4 3 7 0 0  

- 8 3 2 0 4  -30 .4  
-846.?? -70.9 
-860.1  - 3 1 0 4  
-874.2 -31.9 
- 8 8 8 0 1  - 3 2 0 5  
-902.0 -32.9 
-915.9  -33.5 
- 9 2 9 0 9  -34.0 
-943.8 -34.5 
-957.7 -35.0 

773.4  
7 8 6 0 4  
799 .4  
812 .3  

8 3 8  2 
851 .1  
864.0  
876.9 
889.9 

825.2 

1762.5  
1385.3 
1 4 0 8  1 
1430.9 
1453.7 
1476.5  
1.49Y 0 1 
1 5 2 2 0 1  
1 5 4 4 0 8  
1 5 6 7 0 7  

7 3 0  6 3 0 5 6 3  * O  
7 1 0 0  638666 .1  
7 2 0 0  646746 .2  
7 ’ 3 0 0  654803 .4  
7 4 0 .  662838 .0  
7 5 0 0  670850 .0  
7 6 0 0  678839.5  
7 7 9 0  6 8 6 8 0 6 0 5  
7 8 0 0  694751 .3  
7 9 0 0  702673 .8  

- 1 6 5 4 0 9  -911.6 -35 .5  902.8 
- 1 6 7 8 0 6  -985.6 - 3 6 0 0  915.3  
- 1 7 0 2 0 3  - 9 9 9 0 5  -36.5 928.7 
- 1 7 2 6 0 0  - 1 0 1 3 0 3  -37.0 941 .6  
- 1 7 4 9 0 6  - 1 0 2 7 0 2  -37.5 954.5 
-1773.3 - 1 0 4 1 0 7  -38.1 967 .4  
-1797.0 -1055.1 - 3 8 0 6  980.3  
-1820.6 -106805, -39.1 993.2  
-1844.1 -1082.P -39.6 1006.1  
- 1 8 6 7 0 9  -1096.7 - 4 0 0 1  1 0 1 9 0 0  

1590 .4  
1613.2 
1635 .9  
165807 
1.68105 
1704.2 
1726.9  
1 7 4 9 0 7  
1 7 7 2 0 4  
1795.1  

1 8 4 2 6 
1869.0  
1895.3 
1Y21.8 

-3 7 3 

1 9 4 8 .  i 
1974.Lb 
2000.9  
2027 .1  
2053  5 
2979.3 

8 0 0 .  7 1 0 5 7 4 . 1  -2177.2 -1891.5 
8 7 n 0  726308 .7  - 2 2 3 1  0 6  - 1 9 3 8 0 8  
8 4 0 0  741955 .9  -2285 .9  - 1 9 8 5 0 9  
8 6 0 0  757536 .4  -2340.2 - 2 0 3 3 0 2  
8 8 0 0  772990.8  - 2 3 9 4 0 4  -208003  
9 0 0 0  788380 .0  - 2 4 4 8 0 7  -2127.4 
9 2 0 0  803684.5  -2502.8  - 2 1 7 4 0 4  
9 4 0 0  8 1 8 9 0 5 0 2  - 2 5 5 7 0 0  - 2 2 2 1 0 5  
9 6 0 .  834042.7  -2611.0  -2268.4 
9 8 0 0  849097.6  -2665 .1  - 2 3 1 5 0 4  

-1110.5 -40.6 1032.0 
-1138.3 -4106  1057.7  
- 1 1 6 6 0 0  -42.6 1083.5  
- 1 1 9 3 0 7  -43.6 1109.2  
- 1 2 2 1 0 4  -4406  1134 .9  
-1249 .  1 -45.7 1160.6 
- 1 2 7 6 0 6  -46.6 1186.3  
-1304.3 -47.7 1211.9  
-1331.8 -4807  1 2 3 7 0 6  
-1359.4  -49.7 1263.2  

1 8 1 7 0 9  
1863.2 
1 9 0 8 0 6  
1953.9  
1 9 9 9 0 3  
2 0 4 4 0 5  
2089.5 
2134.9  
2180 .1  
2 2 2 5 0 2  

1000. 864070.7  -2719.0 - 2 3 6 2 0 3  -1386.9 -50.7 1288.8 2270.3  2 6 3 0 0 3  
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TABLE 3B 
GEOPOTENTIAL DIFFERENCES BETWEEN A SERIES OF GEOMETRIC-ALTITUDE SURFACES AT A 
REFERENCE LATITUDE AND THE SAME GEOMETRIC-ALTITUDE SURFACES AT OTHER LATITUDES, 

ALL AS A FUNCTION OF GEOMETRIC ALTITUDE, 1,000 to 10,000 km 

GEOMET 
ALT 

z R ( k m )  

1000. 
1020. 
1040. 
1060. 
1080. 
1100. 
1120. 
1140. 
1160. 
1180. 

1200. 
1220. 
1240. 
1260. 
1280. 
1300. 
1320. 
1340 
1360 
1380. 

1400 
1420 
1440 
1460. 
1480. 
1500. 
1520. 
1540. 
156’3. 
1580. 

1600 
1620. 
1640. 
1660. 
1680. 
1700. 
1720. 
1740. 
1760. 

GEOPO- 
TEN 

HR( k m r )  

864 007 
878.96 
893 . 77 
908.51 
923.16 
937.73 
952.23 
966.65 
980 99 
995 25 

1009.44 
1027.56 
1037 060 
1051.57 
1065.46 
1079 28 
1093 03 
1 106 7 1 
1120.31 
11 3 3  0 8 5  

1147 32  
1160.71 
1174.04 
1187.30 
1200.50 
1213.62 
1226.68 
1239.67 
1252.60 
1265 046 

1278.26 
1290.99 
1303 066 
1316.27 
1328.81 
1341 30 
1353.71 
1366.07 
1378.37 

0 

Hf$-HR 

-2.72 
-2 77 
-2.83 
-2.88 
-2.93 
-2 99 
-3.04 
-3.10 
-3.15 
-3.20 

-3 26 
-3.31 
-3.36 
-3 42 
-3 . 47 
-3.52 
-3.57 
-3.63 
-3 6 8  
-3.73 

-3 . 79 
-3.84 
-3 . 89 
-3.94 
-4.00 
-4.05 
-4.10 
-4.15 
-4.20 
-4.26 

-4.31 
-4.36 
-4.41 
-4 46 
-4.51 
-4.57 
-4.62 
-4.67 
-4.72 

1780. 1390.61 -4.77 

15 

‘@ -HR 

-2.36 
-2.41 
-2 46 
-2.50 
-2.55 
-2.60 
-2.64 
-2.69 
-2 74 
-2 78 

-2.83 
-2.87 
-2.92 
-2 97 
-3.01 
-3.06 
-3.11 
-3. 15 
-3.20 
-3.24 

-3.29 
-3.33 
-3.38 
-3.43 
-3.47 
-3.52 
-3.56 
-3.61 
-3.65 
-3.70 

-3.74 
-3.79 
-3.83 
-3.88 
-3.92 
-3 . 97 
-4.01 
-4. 06 
-4. 10 
-4. 14 

L A T I  TUDE (DEC 1 
30 

R H+ -H 

-1.39 
-1.41 
-1.44 
-1.47 
-1.50 
-1.52 
-1.55 
-1.58 
-1  06 1 
-1.63 

-1 066 
-1.69 
-1.72 
-1.74 
-1.77 
-1.80 
-1.82 
-1.85 
-1.88 
-1 090 

-1.93 
-1 096 
-1 98 
-2.01 
-2 04 
-2.06 
-2.09 
-2.12 
-2.14 
-2.17 

-2.20 
-2.22 
-2.25 
-2 . 28 
-2.30 
-2.33 
-2 36 
-2.38 
-2.41 
-2.43 

60 

H V H R  

1.29 
1.31 
1.34 
1.37 
1.39 
1 042 
1.44 
1.47 
1.49 
1.52 

1.54 
1.57 
1.59 
1.62 
1.64 
1.67 
1.69 
1.72 
1.74 
1.77 

1.79 
1.82 
1.84 
1.87 
1.89 
1.92 
1 094 
1.97 
1.99 
2.02 

2 004 
2.07 
2.09 
2.12 
2.14 
2 .  16 
2.19 
2.21 
2.24 
2.26 

75 

H I P R  

2.27 
2.32 
2.36 
2.41 
2 045 
2.49 
2.54 
2.58 
2 063 
2.67 

2.72 
2.76 
2.8 1 
2.85 
2.90 
2.94 
2.98 
3.03 
3.07 
3.12 

3.16 
3.20 
3.25 
3.29 
3.34 
3.38 
3.42 
3.47 
3.51 
3.55 

3.60 
3.64 
3.68 
3.73 
3.77 
3.81 
3.86 
3.90 
3.94 
3.98 

90 

”@ -“R 

2 063 
2 068 
2 073 
2 079 
2 084 
2 089 
2 094 
2 099 
3.05 
3.10 

3.15 
3.20 
3.25 
3.30 
3.36 
3 041 
3 046 
3.51 
3 - 5 6  
3.61 

3 066 
3.71 
3.76 
3.81 
3.87 
3.92 
3.97 
4.02 
4.07 
4.12 

4. 17 
4.22 
4.27 
4.32 
4.37 
4.42 
4.47 
4.52 
4.57 
4.62 
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. 
GEOYFT 

A L T  

ZR (lan) 

1 8 0 0 .  
1 8 2 0 .  
1 8 4 0  
1 8 6 0 .  
1 8 8 0 .  
1 9 0 0 .  
1 9 2 0 .  
1 9 4 0  
1 9 6 0 .  
1 9 8 0 .  

2 0 0 0 .  
2 0 2 0 .  
2 0 4 0 .  
7cJ60. 
20R0.  
2 1 c o .  
2 1 2 0 .  
2 1 4 0 .  
2 1 6 0 .  
2 1 8 0 .  

2 2 0 0 .  
7 7 2 0 .  
2 2 4 0 .  
2 7 6 0 .  
2 2 8 0 .  
2 3 0 0 .  
2 3 2 0 .  
2 3 4 0 .  
2 3 6 0 .  
2 3 8 0 .  

2 4 0 0 .  
2 4 2 0 .  
2 4 4 0 .  
2 4 6 0 .  
2 4 8 0 .  
2 5 0 0 .  
2 5 2 9 .  
?540. 
2 5 6 0 s  
2 5 5 0 .  

2 6 0 0 .  
2 6 2 0 .  
2 6 4 0 .  
2 6 6 0 .  
2 6 8 0 .  

GEOPO- 
TEN 

HR( km’) 

1 4 0 2  0 7 8  
1414 .90  
1 4 2 6  0 9 6  
1478.96  
1450.90  
1 4 6 2  7 8  
1474 .61  
1486 .38  
1498 .09  
1509.75  

1 5 2 1  35 
1532.89  
1544.38 
1555.82  
1567 .20  
1 5 7 8  52  
1599 .80  
1 6 0 1  802  
1612.19  
1 6 2 3  3 0  

1634.37 
1 6 4 5  3 8  
1656.34  
1567 .25  
1678.11  
1688.92 
1 6 9 9  868 
1 7  10 .39  
1721 .05  
1 7 3  1.66 

1742 .22  
1752.74 
1763 .21  
1773.63  
1784 .00  
1794.32 
1804 .60  
1814 .84  
1825.03  
1835 .17  

1845.26  
1 8 5 5  8 3 1  
1 8 6 5  32 
1 8 7 5  28 
1885 .20  

0 

@-HR 

-4.82 
-4 . 8 7  
-4.92 
-4.97 
-5.02 
- 5  . 0 7  
-5.13 
-5.18 
- 5 . 2 3  
-r. ~ 0 2 8  

-5.33 
-5 38 
-5 . 4 3  
-5  48  
- 5  . 5 3  
-5 . 5 7  
-5.62 
-5 6 7  
-5.72 
-5  . 7 7  

-5 882 
-5.87 
-5.92 
-5.97 
-6.02 
-6 07 
-6 .11  
-6.16 
-6.21 
-6.26 

-6.31 
-6 35 
-6 4 0  
-6 45 
-6.50 
-6.55 
-6 5 9  
-6 8 6 4  
-6 6 9  
-6.73 

-6 7 8  
-6.83 
-6 88  
-6 892 
-6 97  

TABLE 

15 

H -H @ R  

-4.19 
-4.23 
-4 2 8  
-4 32 
- 4  . 37 
-4.41 
-4 . 45 
-4.50 
- 4  054 
- 4  . 5 8  

-4.63 
-4 867 
-4.71 
-4 7 6  
- 4  . 8 0  
-4.84 
- 4  889 
-4.93 
-4.97 
-5.01 

-5.06 
-5.10 
- 5  1 4  
-5.19 
-5 .23  
-5 827 
-5.31 
- 5  035 
- 5  840 
- 5  044 

- 5  0 4 8  
- 5 . 5 2  
-5.56 
-5.60 
-5 865 
-5 869  
-5.73 
-5 077 
-5.81 
-5  885 

- 5  . 8 9  
-5.93 
- 5  097 
-0.01 
-6 06 

3R CONTINUED 

L A T I T U D E  @ (DEG) 
30 

H $-H 

-2.46 
-2.49 
-2.51 
-2.54 
-2.56 
-2.59 
-2.61 
- 2  0 6 4  
-7.67 
-2.59 

R 

-2.72 
-2.74 
-2.77 
-2.79 
-2.82 
-2.84 
-2.87 
-2.89 
-2.92 
-2.94 

-2.97 
-2.99 
-3.02 
-3 0 4  
-3  07  
-3.09 
-3.12 
-3.14 
-3.17 
-3.19 

-3.22 
-3.24 
-3.27 
-3.29 
-3.31 
- 3  . 3 4  
-3 36 
- 3  . 39  
-3.41 
-3.44 

-3 46  
-3.48 
- 3 . 5 1  
-3.53 
-3  56 

4 5  

ti @-HR 

- 0  0 9  
- 0 0 9  -. 09 
- 8  09  -. 09 
- 0  0 9  
- 0  1 0  
- 0  1 0  
- 0  10 
- 0  1 0  

-. 10 -. 10 -. 10 -. 10  -. 10 -. 1 0  -. 1 0  
-011 
- 0 1 1  
- 0  1 1  

- 0 1 1  
-011  
- 0 1 1  
-011  -. 11 
-011  
- 0 1 1  
- 0 1 1  
- 0  12 -. 12 

-. 1 2  
- 0  12 -. 12 -. 1 2  -. 1 2  
-012  -. 12 -. 1 2  -. 1 2  
- 0  1 3  

- 8  1 3  
- 8 1 3  
- 0  1 3  
- 8  1 3  
- 0  1 3  

60 

H4 -H R 

2.29 
2.31 
2 . 3 3  
2.36 
2.38 
2.41 
2 . 4 3  
2 8 4 5  
2.48 
2.50 

2.53 
2.55 
2.57 
2 .60  
2.62 
2 .64  
2.67 
2.69 
2 .71  
2 .74  

2.76 
2.78 
2.81 
2.83 
2.85 
2.88 
2 0 9 0  
2 0 9 2  
2 8 9 4  
2.97 

2 099  
3.01 
3.04 
3.06 
3.08 
3.10 
3.13 
3.15 
3.17 
3.19 

3.22 
3.24 
3.26 
3.28 
3.30 

7 5  

R 

4.03 
4.07 
4 .11  
4.15 
4.20 
4 .24  
4 .28  
4.32 
4.36 
4.41 

4.45 
4.49 
4.53 
4.57 
4 .61  
4.66 
4.70 
4.74 
4.78 
4.82 

4.86 
4 890  
4 094  
4 .98  
5.02 
5.07 
5 .11  
5.15 
5.19 
5 . 2 3  

5.27 
5 .31  
5.35 
5.39 
5 043  
5 047 
5.51 
5.55 
5.59 
5 863  

5 866 
5.70 
5 074 
5.78 
5.82 

90 

H$ -H R 

4.67 
4.7 1 
4.76 
4 .81  
4.86 
4.91 
4.96 
5.01 
5.06 
5.11 

5.15 
5.20 
5.25 
5.30 
5 . 3 5  
5 .39  
5.44 
5 049 
5 0 5 4  
5.59 

5 0 6 3  
5.68 

5.77 
5.82 
5.87 
5.92 
5 096 
6 .01  
6.06 

6 .10  
6.15 
6.20 
6.24 
6.29 
6.33 
6.38 
6.43 
6.47 
6.52 

6 .56  
6.61 
6 865 
6.70 
6 .74  

5 073 

53 



GEOMET GEOPO- 
A L T O  TEN . 0 

R 
2 7 0 0 .  1895.08 -7.02 
2723. 1904.91 -7.06 
2740. 1914.70 -7.11 
2760. 1924.44 -7.15 
2 7 8 0 .  1934.14 -7.20 

ZR( km) H R ( ~ I U /  1 Ha-H 

2 e 0 0 .  
2 8 2 0 .  
2 8 4 0 .  
7 8 6 0 .  
2 8 8 0 .  
2900 
2970. 
,7340. 
2960. 
2980 

3000. 
3020. 
3040. 
306 0 
7 0 8 0 .  
3100. 
7170. 
7140. 
3160. 
3180. 

1943.80 -7.75 
1953.42 -7.29 
1963.00 -7.34 
1972.53 -7.38 
1982.02 -7.43 
1991.48 -7.48 
2000.89 -7.52 
2010.26 -7.57 
7019.59 -7.61 
2028 .88  -7.66 

2038.13 -7.70 
2047.34 -7.75 
2056.51 -7.79 
2065.65 -7.84 
2074.74 -7.88 
2083.80 -7.93 
2092.81 -7.97 
2101.79 -8.01 
2110.74 -8.06 
2119.64 -8.10 

3203. 2128.51 
3 2 2 0 .  2137.34 
3340. 2146.13 
'3260. 2154.83 
3280. 2163.61 
3300. 2177.29 
3320. 2180.94 
3340. 2189.55 
3360. 2198.13 
3300. 2206.67 

-8. 15 
-3.19 
-8 24 
-8 e28 
-8.32 
-8 . 37 
-8.41 
-8 e 45 
-8 50 
-8 54 

3400. 2215.18 -8.58 
3420. 2223.65 -8.63 
3440. 2232.09 -8.67 
3460. 2240.49 -8.71 
3480. 2248.86 -8.75 
3590. 2257.20 -8.80 
3 5 2 0 .  2265.50 -8.84 
3540. 2273.77 -8.88 
3560. 2282.00 -8.92 
3580. 2290.20 -8.97 

TABLE 

15 

@-HR 

-6. 10 
-6.14 
-6.18 
-6.22 
-6 26 

-6.30 
-6.34 
-6.38 
-6.42 
-6 046 
-6.50 
-6.53 
-€.57 
-6.61 
-6.65 

-6.69 
-6.73 
-6.77 
-6.81 
-5.85 
-6.89 
-6.93 
-6 96 
-7 e 00 
-7 04 

-7 08 
-7.12 
-7.16 
-7.19 
-7.23 
-7.27 
-7.31 
-7 . 34 
-7.38 
-7.42 

-7.46 
-7.49 
-7.53 
-7.57 
-7.61 
-7.64 
-7.68 
-7.72 
-7.75 
-7 . 79 

3f3 CONT INUED 

L A T I T U D E  ( D E G )  
30 

H@ -HR 

-3.58 
-3.60 
-3.63 
-3.65 
-3.67 

-3.70 
-3.72 
-3.74 
-3.77 
-3.79 
-3.8 1 
-3.84 
-3.86 
-3.88 
-3.91 

-3.93 
-3.95 
-3.98 
-4.00 
-4.02 
-4 04 
- 4  07 
-4 e 09 
- 4 .  1 1  
-4.13 

-4. 16 
-4. 18 
-4.20 
-4.22 
-4.25 
-4.27 
-4 e 29 
-4.31 
-4.33 
-4.36 

-4.38 
-4.40 
-4.42 
-4 . 44 
-4 . 47 
-4 . 49 
-4.51 
-4.53 
-4.55 
-4 . 57 

60 

H @-H R 
3.33 
3.35 
3.37 
3.39 
3.41 

3 044 
3 046 
3 048 
3.50 
3.52 
3.54 
3.57 
1.59 
3.61 
3.63 

3.65 
3.67 
3 069 
3.72 
3.74 
3.76 
3.78 
3.80 
3.82 
3.84 

3.86 
3.88 
3.91 
3.93 
3.95 
3.97 
3.99 
4.01 
4 003 
4.05 

4.07 
4.09 
4.11 
4.13 
4. 15 
4.17 
4.19 
4.21 
4.23 
4.25 

75 

H@ -HR 

5.86 
5.90 
5.94 
5.98 
6.01 

6.05 
6.09 
6.13 
6.17 
6.21 
6.24 
6.28 
6.32 
6.36 
6.40 

6.43 
6.47 
6.51 
6.55 
6.58 
6.62 
6.66 
6.70 
6.73 
6.77 

6.81 
6.84 
6.88 
6.92 
6.95 
6.99 
7.03 
7.06 
7.10 
7.13 

7.17 
7.21 
7.24 
7.28 
7.31 
7.35 
7.38 
7.42 
7 045 
7.49 

90 

H@-H R 

6.79 
6.83 
6.88 
6 092 
6.97 

7.01 
7.06 
7.10 
7.15 
7.19 
7.24 
7.28 
7.32 
7.37 
7.41 

7 045 
7.50 
7.54 
7.58 
7.63 
7.67 
7.71 
7.76 
7.80 
7.84 

7.89 
7.93 
7.97 
8.01 
8.06 
8.10 
8.14 
8.18 
8.22 
8.27 

8.31 
8.35 
8 039 
8 043 
8 047 
8.51 
8.56 
8.60 
8 064 
8 068 

54 



GEOMFT 
A L T O  

I R (  km) 

7600 
3630. 
7640 
3660. 
3680. 
3700 e 
?720e 
?740. 
3760 
3783 . 
7800. 
3 8 3 0 .  
3f340. 
7869.  
7880 
3900 e 
3920. 
3940 e 
3960. 
7980. 

4OOO 
4020. 
4'340. 
4060 
4080. 
4100. 
4130. 
4140. 
4160. 
4180. 

4200 e 
4220. 
4240 
4260. 
4380. 
4300 
4320. 
4340. 
4360 e 
4380. 

4400. 
4420. 
4440. 
4460. 
4480 

GEOPO- 
TF% 0 

2298.37 -9.01 
2306.51 -9.05 
2314.61 -3.09 
2322.68 -3.13 
2330.77 -9.18 
2338.73 -9.22 
2346.70 -9.26 
2?54.65 -9.30 
2362.56 -9.34 
2370.44 -9.38 

2378.29 -9.42 
2386.11 -9.46 
2393.89 -9.51 
2401.65 -9.55 
2409.38 -3.59 
2417.08 -9.63 
2424.74 -9.67 
2432.38 -9.71 
2439 e99 -9.75 
2447.57 -9.79 

2455.12 -9.83 
2462.64 -9.87 
2470.13 -9.91 
2477.59 -9.95 
2485.02 -9.99 
2492.43 -10.03 
2499.81 -10.07 
2507.15 -10.11 
2514.48 -10.15 
2521.77 -10.19 

2529.03 -10.23 
2536.27 -10.26 
2543.48 -10.30 
2550.67 -10.34 
2557.82 -10.38 
2564.95 -10.42 
2572.05 -10.46 
2579.13 -10.50 
2586.18 -10.54 
2593.21 -10.57 

2600.20 -10.61 
2607.17 -10.65 
2614.12 -10.69 
2621.04 -10.73 
2627.93 -10.77 

TABLE 

15 

R Ho -H 

-7.83 
-7 86 
-7.90 
-7 e 94 
-7 . 97 
-8 a 01 
-8 e 04 
-8 . 08 
-8. 12 
-8.15 

-8.19 
-8.22 
-8 e 26 
-8.29 
-8.33 
-8 e 36 
-8.40 
-8.44 
-8 47 
-8.51 

-8.54 
-8.57 
-8.61 
-8.64 
-8.68 
-8.71 
-A075 
-8.78 
-8.82 
-8.85 

-8 88 
-8.92 
-8.95 
-8.99 
-9.02 
-9. 05 
-9 09 
-9.12 
-9.15 
-9. 19 

-9.22 
-9.25 
-9.29 
-9.32 
-9.35 

38 CONT I NtJED 

L A T I T U D E  tJ ( D F C )  
30 

~ J - ~ R  

-4.60 
-4.62 
-4.64 
-4.66 
-4 e68 
-4.70 
-4.72 
-4 . 74 
-4.77 
-4.79 

-4.81 
-4 e 8 7  
-4.85 
-4.87 
-4.89 
-4.91 
-4.93 
-4.95 
-4.97 
-4 e 99 

-5.01 
-5 e 04 
-5 e06 
-5 08 
-5.10 
-5.12 
-5.14 
-5 16 
-5.18 
-5 .20  

-5.22 
-5 24 
-5.26 
-5.28 
-5 30 
-5.32 
-5 . 34 
-5 36 
-5.38 
-5.39 

-5.41 
-5.43 
-5.45 
-5.47 
-5 049 

45 

H a - H R  

- e  17 
-a 17 
-e 17 
-e 17 
- e  17 
- e  17 
- 0  17 
- 0  17 
- e  17 
-.I8 

- 0  18 
-e18 
- e  18 
- 0  18 -. 18 
- 0  18 -. 18 -. 18 -. 18 
- 0  18 

-. 18 -. 18 
- 0  18 
- e  19 
- e  19 
- 0  19 
- e  19 
- 0  19 
-e 19 
- 0  19 

- 0  19 
- 0  19 
-e 19 
- 0  19 
- e  19 
- e  19 
- 0 2 0  
- e 2 0  
- 0 2 0  
-e 20 

-. 20 -. 20 
- e 2 0  -. 20 -. 20 

6 0  

HtJ-H R 

4.27 
4-29 
4.31 
4.33 
4.35 
4.37 
4.39 
4.41 
4.43 
4.45 

4.47 
4 -49 
4.51 
4.53 
4.55 
4.57 
4.59 
4-40 
4.62 
4.64 

4.66 
4.68 
4.70 
4.72 
4.74 
4.76 
4.78 
4.79 
4.81 
4.83 

4.85 
4.87 
4.89 
4-91 
4.92 
4.94 
4.96 
4-96 
5-00 
5.02 

5 003 
5.05 
5.07 
5.09 
5.11 

75 

'I$ -HR 

7.53 
7-56 
7.60 
7.63 
7 e67 
7.70 
7.73 
7.77 
7-60 
7.84 

7.87 
7.91 
7.94 
7.98 
9.01 
8.04 
8 - 0 8  
8.11 
8.14 
8.18 

8.21 
8.25 
9-28 
8.31 
8 035 
8.38 
8.41 
8 -45 
8 048 
8.51 

8.54 
8.58 
8.61 
8 064 
8 a67 
8.71 
8.74 
8.77 
8 - 6 0  
8 e84 

8.87 
8 e90 
8 093 
8 e96 
9.00 

90 

"$ R 

8 072 
8-76 
8.80 
8 084 
6 - 8 8  
8 -92 
8 -96 
9.00 
9.04 
9-08 

9.12 
9-16 
9-20 
9.24 
9-28 
9.32 
9 -36 
9 -40 
9 e 4 4  
9.48 

9-51 
9.55 
9.59 
9 -63 
9.67 
9-71 
9.75 
9.78 
9 082 
9.86 

9.90 
9 e94 
9 -97 
10.01 
10-05 
1 0 - 0 9  
10-13 
10-16 
10.20 
10-24 

10-27 
10.31 
10.35 
10.39 
10-42 

55 



G F O f l E T  
A L T O  

z ( k m )  
R 
4 5 0 0 .  
4 5 7 0 .  
4 5 4 0  
4 5 6 0 .  
4 5 8 0 .  

4 6 9 0 .  
4 6 2 0 .  
4 6 4 0 .  
4 6 6 0 .  
4 5 8 0 .  
/ t 7 0 0 .  
4 7 2 0 .  
4 7 4 0 .  
4 7 5 0  
4 7 8 0 .  

4 8 0 0 .  
4 8 7 0 .  
4 0 4 0  
4 8 6 0 .  
4 8 8 0 .  
4 9 0 0 .  
4 9 2 0  
4 9 4 0  
4 3 6 0 .  
4 9 8 0 .  

5 0 0 0  0 

5 0 5 0 .  
5 1 0 0 .  
5 1 5 0 .  
5 2 0 0 .  
5 2 5 0 .  
5300.  
5 3 5 0 .  
5 4 3 0 .  
5 4 5  0 .  

5 5 0 0 .  
5 5 5 0 .  
5 6 0 0  b 
565 0 
5 7 0 0 .  
5 7 5 0 .  
5 8 0 0 .  
5 8 5 0 .  
5 9 0 0  
5 9 5 0 .  

GFOPO- 
TEN . 0 

2634.80  -10.80 
2641.65  -10.84 
2648.47 -10.88 
2655 .26  -10.92 
2662.03  -10.95 

2668.77  -10.99 
2675 .49  -11.03 
2682.19  -11.07 
2683.86  -11.10 
2635.51  -11.14 
2702.13  -11.18 
2708.73  -11.21 
2715 .30  -11.25 
2721.85 -11.29 
2728.38  -11.32 

2734.89  -11.36 
7741 .37  -11.40 
2747.82 -11.43 
2754.26  -11.47 
2760.67 -11.51 
2767.06 -11.54 
2773.43  -11.58 
2779.77  -1 1.61 
2786.09  -11.65 
2792.139 -11.69 

2798.67 -11.72 
2814.27 -11 .81  
2829.73  -11.90 
2845.05  -11.99 
2860.25 -12.07 
2875.31  -12.16 
2890 .24  -12.25 
2905.05 -12.33 
2919.73  -12.42 
2934.28  -12.50 

2948 .71  -12.59 
2963.03  -12.67 
2977.22  -12.76 
2991.29  -12.83 
3005.25 -12.92 
3019.09  -13  0 0  
3032.82 -13.08 
3046.43  -13.16 
3059 .94  -13.25 
3073 .33  -13.32 

TABLE 

15 

R Ha -H 

-9 . 3 9  
-9.42 
-9.45 
-3 0 4 8  
-9.52 

-9.55 
-9.58 
-9 m6 1 
-9.65 
-3.68 
-9 .71  
-9 .74  
-9.78 
-9.81 
-9 .84  

-9.87 
-9.90 
-9.93 
-9.97 

-10.00 
-10.03 
-10.06 
-10 .09  
-10.12 
-10.15 

-10.15 
-10.26 
-10 .34  
-10.42 
-13.49 
-10.56 
-10 .64  
-10 .71  
-10.97 
-10.86 

-10.94 
-11.01 
-11.08 
-11.15 
-11 023 
-11.30 
-1 1 . 37 
-1 1 0 4 4  
-12.51 
-12.58 

38 CONTINUED 

L A T I T U D E  4 ( D E G )  
3 0  

R 

-5.51 
-5.53 
-5.55 
-5.57 
-5.59 

-5.61 
-5.63 
-5.65 
-5 e66 
-5.68 
-5.70 
-5.72 
-5.74 
-5.76 
-5.78 

-5.80 
-5.81 
-5.83 
-5.85 
-5.87 
-5.89 
-5.91 
-5.93 
-5 094 
-5  m96 

-5  0 9 8  
-6.03 
-6.07 
-6.12 
-6.16 
-6.20 
-6.25 
-6.29 
-6 3 4  
-6.38 

-6.42 
-6.47 
-6.51 
-6.55 
-6.59 
-6.63 
-6.68 
-6.72 
-6 7 6  
-6.80 

4 5  

Ha -HR -. 2 0  
-.20 
-.20 -. 20  
-.20 

- 0 2 0  
-021  
- 0 2 1  
-021  
-0.21 
-.21 
- e 2 1  
- 0 2 1  
- 0 2 1  
- 0 2 1  

-021  
- 0 7 1  
-021  
-.21 
-.21 
- 0  2 2  
-.22 
-.22 -. 2 2  
- 0  22 

-022 
- 0 2 2  -. 2 2  
-.22 
-a23  
-e23  -. 23 
-.23 
- 0 2 3  
- 0  23 

- 0 2 3  -. 2 4  
- 0  2 4  -. 2 4  
- 0  2 4  -. 2 4  
- e 2 4  
-.25 
- 0 2 5  
- 0 2 5  

6 0  

Ha-H R 

5.12 
5 .  1 4  
5 .  1 6  
5 .  1 8  
5.20 

5.21 
5 .23  
5.25 
5.27 
5.28 
5.30 
5.32 
5 .34  
5.35 
5.37 

5.39 
5.41 
5.42 
5.44 
5.46 
5 047 
5 049  
5.51 
5.53 
5.54 

5.56 
5.60 
5.64 
5 0 6 9  
5.73 
5.77 
5 .81  
5.86 
5 .89  
5.93 

5.97 
6 .01  
6 .05  
6 .09  
6.13 
6.17 
6 .21  
6 .25  
6.28 
6.32 

7 5  

H@-HR 

9.03 
9.06 
9.09 
9.12 
9.15 

9.18 
9.22 
9.25 
9 .28  
9 .31  
9.34 
9.37 
9.40 
9.43 
9 0 4 6  

9.49 
9.52 
9.55 
9.58 
9 .61  
9.65 
9.68 
9 .71  
9.74 
9.77 

9.80 
9.87 
9.94 

10.02 
10.09 
10.16 
10.23 
10 .30  
10.37 
10.43 

10.50 
10.57 
10 .64  
10 .70  
10 .77  
10.84 
10 .91  
10.97 
11 .04  
11.10 

90  

Ha-" R 

10.46 
10.50 
10.53 
10.57 
10.61 

10.64 
10.68 
10.71 
10.75 
10.79 
10.82 
10.86 
10.89 
10.93 
10.96 

11.00 
11.03 
11.07 
11.11 
11.14 
11.18 
11.21 
11.25 
1 1  .28 
11.31 

11.35 
11 .44  
1 1  - 5 2  
11.61 
1 1  0 6 9  
1 1  078 
1 1  0 8 6  
11.94 
12.03 
12.11 

1 2  1 9  
12  0 2 7  
12.35 
12.43 
12 .51  
1 2 . 5 9  
1 2  0 6 7  
12.75 
12.83 
1 2  090 
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TABLE 3 8  CONTINUED 

GEOMFT 
A L T O  

GEOPO- 
TEN. 

L A T I T U D E  @ ( D E G )  
3 0  4 5  6 0  7 5  0 15 9 0  

ZR ( km) H -H 
@ R  R Ha -H H -H @ R  R He -H H -H 

@ R  
H -H 
Q R  

H -1-1 
Q R  
13 .  
1 3 .  
1 3 .  
1 3 .  
130 
13. 
1 3  
1 4  
1 4 0  
1 4 .  

6 0 0 0 .  
6 0 5 0  0 

6 1 0 0 .  
6 1 5 0 .  
6 2 0 0 .  

6 3 0 0 .  
6 2 5 0 .  

6 3 5 0 .  
6 4 0 0  
645C.  

3086.6 
3099.8 
31  12.9 
3125.8 
3138.7 
3 1 5 1 0 5  
3164.1 
3 1 7 6 0 7  
3 1 8 9 . 3  
3 2 0 1  0 5  

-12. 
-12 .  
- 1 2 .  
- 1 2 .  
-120 
- 1 2 0  
- 1 2 .  
- 1 2 .  
- 1 2 .  
- 1 2 0  

- 0 3  
- 0 3  -. 3 
- 0 3  
- 0 3  -. 3 -. 3 
- 0 3  
- 0 3  
- 0 3  

6.4 11 .  
6 0 4  11 .  
6 0 4  1 1 .  
6 0 5  110 
6.5 11 .  
6.5 12 . 
6 0 6  1 2  . 
6 0 6  12  . 
6.7 120 
6.7 12 .  

6 5 0 0  
6 5 5 0 .  
6 6 0 0 0  
6 6 5 0 .  
6 7 0 0  
6 7 5 0  . 
6 8 0 9  
6 8 5 0 .  
6 9 0 0  
6 9 5  0 

3213.9 
3 2 2 6 0 0  
3238  1 
3250.0 
3261 0 9  
3273.7 
3 2 8 5 0 5  
3297.1 
3308 0 6  
3 3 2 0 .  1 

- 1 2 .  
- 1 2 .  
-12.  
-13. 
- 1 3 0  
- 1 3 0  
- 1 3 .  
-13 .  
- 1 3 .  
- 1 3 .  

6 .7 
6 0 8  
6 0 8  
6 0 8  
6 0 9  
6.9 
6.9 
7 . 0  
7.0 
7.0 

12  . 
12 0 

12 0 

1 2  . 
12.  
12  . 
120 
12 0 

12 0 

1 2  . 

1 4  
1 4  
1 4 .  
1 4 0  
1 4 .  
140 
14 .  
1 4  
1 4 .  
1 4 .  

7 0 0 0 .  
7 0 5 0 0  
71  0 0 .  
7 1 5 0 .  
7 ? 0 0 .  
7 2 5 0 .  
7 3 0 0  
7 3 5 0 0  
7 4 0 0  
7 4 5 0 .  

3 3 3 1 0 4  
3342  7 
3353.9 
3365 .0  
3376.1  
3387.0 
3 3 9 7 0 9  
3408  7 
3419.4 
3 4 3 0 .  1 

-7.6 
- 7 0 6  
-7.7 
-7.7 
-7.7 

-7.8 
-7.9 
-7.9 
-7.9 

- 7 0 8  

- 0  3 
- 0 3  
- 0 3  
- 0 3  -. 3 -. 3 

-. 3 

- 0 3  

- 0  3 

- 0  3 

7 0  1 12 . 
7 0 1  1 3 0  
7.1 13  
7.2 1 3 0  
7.2 1 3 .  
7.2 1 3 .  
7.3 13 .  
7 0 3  13 .  
7.3 13 .  
7.4 13 .  

-8.0 
- 8 0 0  
-800 
-8.1 
-8.1 
-8.1 
-8.2 
-8.2 
-8.2 
-8.3 

- 0  3 
- 0  3 -. 3 
- 0 3  
- 0 3  

- 0 3  -. 3 
- 0 3  

- 0 3  

- 0  3 

7.4 1 3 0  
7.4 13 .  
7.5 13 .  
7.5 1 3 0  
7 0 5  13 .  
7 .6  13 .  
7 .6 13 .  
7 0 6  1 3 .  
7.7 1 3 .  
7.7 1 4  

3449.6 
3 4 5 1  1 
3461.5 
3471.8 
3482.1  
3492.3 
3502.4 
3512.5 
3522.4  
3532.3 

-16 
-16. 
-16. 
-16. 
-16. 
-16. 
-16 
-16. 
-16 
-16. 

-14. 
-14. 
-14. 
-14. 
-14 .  
- 1 4 0  
-14. 
-14. 
-14 .  
-14. 

8 0 0 0  
8 0 5 0 0  
8 1 0 0 .  
8 1 5 0 .  
8200 .  

3542.2 
3 5 5 1 0 9  
3 5 6 1  06 
3571.3 
3580.8 

-16 
-16 
-16 
-16 
-17. 

-140 
-14 .  
-14 .  
-14. 
-14 .  

-803  -. 3 7.7 1 4  
-8.3 - 0 3  7 0 7  1 4  
-8.4 - 0 3  7 .8 1 4  
-8.4 - 0  3 7 0 8  1 4  
-8.4 - 0 3  7.8 1 4  

1 6  
1 6 .  
16. 
1 6 .  
1 6 .  
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TABLE 38  CONCLUDED 

GEOMET e GEOPO- 
ALT e T E N .  

L A T I T U D E  ( D E G )  
0 1 5  3 0  4 5  6 0  7 5  9 0  

2 (h) H (hr) 
R R 
8 3 5 0 .  3590.3 
8 3 0 0 .  3599.8  
8 3 5 0 .  3609.2 
8 4 0 0 .  3618.5 
8 4 5 0 .  3627.7 

R H @- t i  R ( O R  '(O -HR H@-H R H @ - H  R H -H H O - H  R H@ -H 

-17. -14. -8.5 - e  3 7 .9 14 .  1 6  
-17 ,  -14. -8.5 - e  3 7 .9  14  e 1 6  
-17. -15 .  -8.5 - e 3  7.9 1 4  e 1 6 .  
-17 e -15.  -8.5 - 0  3 7 e9 14 e 1 6 .  
-17. -15 .  -8 e6 - e  3 8.0 14 e 1 6  

8 5 0 0 .  
P 5 5 O o  
8 6 0 0 .  
P.650, 
8 7 3 0 .  
8 7 5 0 .  
8 8 0 0  e 

P85Ce 
8 3 0 0  e 

8 9 5 3 .  

3636.9 
3646.0  
3655  1 
3 6 6 4  e 1 
3673.0 
3 6 8 1  e9 
3690.7 
3699.5 
13738 e 2 
3716.9 

-17. 
-17 .  
-17 .  
-17. 
-17. 
-17. 
-17 .  
-17. 
-17 .  
-17 .  

-15 .  
-15. 
-15 .  
-15 .  
-15 .  
-15 .  
-15. 
-25. 
- 1 5 .  
-15 .  

-8.6 
-8.6 
-8.7 
-8.7 
-8.7 
-8 e8 
-8.8 
-8.8 
-8  e9 
-8 e9 

- e  3 
- 0  3 
- e 3  
- e 3  
- e  3 
- e  3 
- e  3 
- 0  3 
- 0  3 
- e  3 

8.0 14 
8.0 14 e 

8.1 14 .  
8.1 14 e 

8 .1  1 4  
8 .1  14 .  
8.2 14 .  
8.2 1 4  
8.2 15 
8.3 15 .  

16 .  
1 6 .  
16  l 
17 e 

17  
17 .  
17 . 
17 e 

1 7 .  
1 7 .  

9 0 0 3  e 

9 0 5 0 .  
9 1 0 0 .  
9 1 5 3 .  
9700 0 

9 7 5 0 .  
9 = 0 3 e  
9 3 5 0 .  
9 4 0 0  e 

94 5 0  e 

3725.5 
3 7 3 4  0 
3742 e 5 
3750.3  
3759.3 
3767.6 
3775.9 
3784.1  
3792 e 3 
3800.4 

-17. 
-18 .  
-18 e 

-18.  
- 1 8 .  
- l R .  
-18. 
-18 .  
-18 .  
-18. 

-15 .  
-15 e 

- 1 5 0  
-15 .  
-15 .  
-15 .  
-15 .  
-16 e 

-16 e 

-16 e 

-8  e9 
-8  09 
-9.0 
-9.0 
-9.0 
-9.1 
-9.1 
-9.1 
-9.1 
-9.2 

- e  3 
- e  3 
- 0  3 
- e  3 
- 0  3 

- e 3  
- e  3 
- e  3 
- e 3  

- 0  3 

8.3 15 .  
8.3 15 e 

8.3 15 .  
8 e 4  1 5 0  
8 e4 15 
8 .4  15 .  
8.4 15 e 

8.5 15 
8.5 15 e 

8.5 15 

17 
17 
1 7 .  
1 7 .  
17 e 

1 7 .  
1 7 .  
1 7 .  
17 e 

1 7 .  

3 5 0 0  
9 5 5 0  e 

9 6 0 0  e 

9 6 5 0 .  
9 7 0 0 .  
0 7 5 0 .  
9 8 0 0  e 

9 8 5 0 .  
99CO e 

0 9 5 0 .  

3808  e4 
7816 .4  
3824.4  
3832.3 
3840.2 
3848 e 0 
3855  e7 
3863  e 5 
3 8 7 1  e 1 
3878.7 

-18. 
- l R .  
-18.  
-18. 
-18 .  
-18 .  
-18 .  
-18. 
-18 .  
-18 .  

-16 
-16 e 

-16 e 

-16 
-16 e 

-16 
-16 
-16 .  
-16 e 

-16 . 

-9.2 
-9.2 
-9.2 
-9.3 
-9.3 
-9.3 
-9.4 
-9.4 
-9.4 
-9.4 

- 0  3 
- e  3 
- e  3 
- e  3 
- e  3 
- 0 3  
- e  3 
- e 3  
- e  3 
- 0  3 

8.6 15 
8.6 15 
8.6 15 e 

8.6 1 5  
8.7 15 e 

8.7 15 e 

8.7 1 5  
8.7 15 
8.8 15 e 

8.8 15 e 

17 . 
18 l 
18  e 

1 8  e 

1 8  e 

1 8  e 

1 8  . 
1 8  0 

1 8 .  
1 8  e 

-19.  -1he -9.5 - e 3  8.8 16 e 1 8  e 1OOOOe 3886.3  
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F i g u r e  3 . 1 A .  Geopo ten t i a l  d i f f e r e n c e s  between g e m e t r i c - a l t i t u d e  
s u r f a c e s  a t  a r e f e r e n c e  l a t i t u d e ,  and t h e  same geo- 
m e t r i c - a l t i t u d e  s u r f a c e s  a t  each  of seven o t h e r  
l a t i t u d e s ,  a l l  as a f u n c t i o n  of geometr ic  a l t i t u d e ,  
0 t o  1,000 km. 
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a 

c FOREWORD 

This f i n a l  r e p o r t  i s  based upon r e s e a r c h  c a r r i e d  o u t  du r ing  t h e  p a s t  
y e a r  under NASA c o n t r a c t  NASw-1227, P l a n e t a r y  Meteorology. It c o n t a i n s  
complete d i s c u s s i o n s  of t w o  a s p e c t s  of o u r  r e s e a r c h :  1) Seasonal  and 
L a t i t u d i n a l  V a r i a t i o n s  o f  t h e  Average Sur face  Temperature and V e r t i c a l  
Temperature P r o f i l e  on Mars, and 2) The General C i r c u l a t i o n  of t h e  
Mar t i an  Atmosphere. A t h i r d  t a sk  i n  o u r  r e s e a r c h ,  a review of a v a i l a b l e  
in fo rma t ion  on t h e  meteorology of Mars and Venus, i s  d i s c u s s e d  i n  a pre- 
v i o u s l y  pub l i shed  t e c h n i c a l  r e p o r t  e n t i t l e d  Comprehensive Summary of 
A v a i l a b l e  Knowledge o f  t h e  Meteorology o f  Mars and Venus by Edward M. 
Brooks (GCA Techn ica l  Report  No. 66-21-N). 

A b s t r a c t s  f o r  t h e  two papers p re sen ted  i n  t h i s  r e p o r t  may be found 
on t h e  fo l lowing  pages; a l l  r e f e r e n c e s  a r e  l i s t e d  t o g e t h e r ,  s t a r t i n g  
on  p .  61. 
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SEASONAL AND LATITUDINAL VARIATIONS OF THE AVERAGE SURFACE 
TEMPERATURE AND VERTICAL TEMPERATURE PROFILE ON MARS 

George Ohring and Joseph Mariano b 

ABSTRACT 

The seasona l  and l a t i t u d i n a l  v a r i a t i o n s  o f  t h e  ave rage  s u r f a c e  
t empera tu re  and v e r t i c a l  p r o f i l e  of a tmospheric  t empera tu re  on Mars a r e  
computed using a thermal  e q u i l i b r i u m  model. I n  the rma l  e q u i l i b r i u m ,  
t h e  computed temperature  p r o f i l e s  s a t i s f y  t h e  fo l lowing  e q u i l i b r i u m  con- 
d i t i o n s :  1)  a ba l ance  a t  t h e  t o p  o f  t h e  atmosphere between n e t  incoming 
s o l a r  r a d i a t i o n  and outgoing i n f r a r e d  r a d i a t i o n ;  2) a b a l a n c e  a t  t h e  
s u r f a c e  between t h e  n e t  g a i n  o f  h e a t  by r a d i a t i o n  and t h e  l o s s  o f  h e a t  
by convec t ive  t r a n s p o r t  i n t o  the atmosphere, t h e  amount of c o n v e c t i v e  
l o s s  be ing  determined from t h e  n e t  i n t e g r a t e d  r a d i a t i v e  c o o l i n g  o f  t h e  
convec t ive  l a y e r  - t h e  - t roposphe re ;  and 3) t h e  s t r a t o s p h e r e  i s  i n  
r a d i a t i v e  equ i l ib r ium.  ' I t  i s  assumed t h a t  carbon d i o x i d e  i s  t h e  s o l e  
r a d i a t i n g  gas  i n  a model atmosphere t h a t  i s  composed of 60 p e r c e n t  
carbon dioxide and has  a s u r f a c e  p r e s s u r e  o f  10 mb. The r e s u l t s  a r e  
p re sen ted  i n  the  form of pole- t o -po le  t empera tu re  c r o s s - s e c t i o n s  from 
t h e  s u r f a c e  t o  about  40 km f o r  each Mar t i an  season.  Because t h e  model 
does n o t  a l low f o r  l a t i t u d i n a l  t r a n s p o r t  o f  h e a t  energy by t h e  atmos- 
p h e r i c  c i r c u l a t i o n ,  t h e  computed t empera tu res  a r e  too  low a t  p o l a r  
l a t i t u d e s  during t h e  w i n t e r  h a l f  of t h e  y e a r  and probably t o o  h i g h  a t  
e q u a t o r i a l  l a t i t u d e s  du r ing  t h e  s o l s t i c e s  and a t  p o l a r  l a t i t u d e s  d u r i n g  
summer; t h e y  should be most r e p r e s e n t a t i v e  of a c t u a l  c o n d i t i o n s  a t  mid- 
d l e  l a t i t u d e s  d u r i n g  the equinoxes and a t  low l a t i t u d e s  d u r i n g  the 
s o l s t i c e s .  The computed temperature  c r o s s - s e c t i o n s  i n d i c a t e :  1)  ex- 
t r eme ly  small  l a t i t u d i n a l  t empera tu re  g r a d i e n t s  i n  t h e  summer hemisphere,  
w i t h  the  maximum temperature  o c c u r r i n g  a t  the  po le ;  2) a d e c r e a s e  of 
t ropopause a l t i t u d e  wi th  l a t i t u d e  from a maximum a t  t h e  e q u a t o r  d u r i n g  
t h e  e q u i n o c t i a l  seasons and a t  t h e  summer p o l e  d u r i n g  t h e  s o l s t i c e s ;  
and 3)  r e l a t i v e l y  i so the rma l  v e r t i c a l  s t r u c t u r e  a t  h i g h  l a t i t u d e s  d u r i n g  
the equinoxes and w i n t e r .  Comparisons, where p o s s i b l e ,  o f  t h e  p r e s e n t  
r e s u l t s  w i t h  o t h e r  t h e o r e t i c a l  s t u d i e s  and w i t h  t h e  microwave and 
Mariner  I V  o b s e r v a t i o n a l  i n d i c a t i o n s  of Mart ian t empera tu res  y i e l d  
g e n e r a l l y  good agreement. 
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THE GENERAL CIRCULATION OF THE MARTIAN ATMOSPHERE 

Wen Tang 

ABSTRACT 

Dynamic models s i m u l a t i n g  the Mart ian atmospheric  c i r c u l a t i o n  a r e  
c o n s t r u c t e d .  Model I, based on a t e r r e s t r i a l  a tmospheric  c i r c u l a t i o n  
model due t o  Adem (1962), i s  a v e r t i c a l l y  i n t e g r a t e d  model and i s  used 
t o  compute mer id iona l  p r o f i l e s  of mean mid-atmospheric zona l  wind and 
t empera tu re  f o r  bo th  n o r t h e r n  and sou the rn  hemispheres of Mars du r ing  the  
two equinoxes and t h e  two s o l s t i c e s .  \ I n  t h e s e  ex e r imen t s ,  t h e  v a l u e  o f  
the eddy exchange c o e f f i c i e n t  i s  assume' t o  be  10'' cm2 sec- l ,  s i m i l a r  

the  maximum mid-atmospheric wind i s  about 45 m sec- l  and occur s  a t  about 
40° l a t i t u d e  i n  t h e  w i n t e r  hemisphere. 
wind f o r  a l l  seasons except summer i s  g e n e r a l l y  from t h e  west. The mean 
mid-atmospheric temperatures  during the s o l s t i c e s  range from a maximum 
of 200°K a t  t h e  summer po le  t o  l l O ° K  a t  the w i n t e r  po le .  During t h e  
equinoxes,  t h e  mean mid-atmospheric temperatures  range from 175'K t o  
195'K a t  t h e  e q u a t o r  t o  140°K t o  142'K a t  t h e  po le s .  

- 

t o  t h a t  i n  t h e  E a r t h ' s  atmosphere. The P numerical r e s u l t s  i n d i c a t e  t h a t  

The d i r e c t i o n  of t h e  mean zonal  

Model I1 i s  a more s o p h i s t i c a t e d  two-level ,  q u a s i - g e o s t r o p h i c  
numerical  model. This model can b e  used t o  compute t h e  l a t i t u d i n a l  
v a r i a t i o n  of s u r f a c e  temperature ,  zona l  and mer id iona l  winds, and m i d -  
a tmospheric  v e r t i c a l  v e l o c i t i e s  a s  a f u n c t i o n  of t i m e  du r ing  the cour se  
o f  a Mart ian yea r .  :The model i s  desc r ibed  i n  t h e  t e x t ;  a p p l i c a t i o n  t o  
Mars i s  planned du r ing  t h e  coming y e a r .  
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1. SEASONAL AND LATITUDINAL VARIATIONS OF THE AVERAGE SURFACE 
TEMPERATURE AND VERTICAL TEMPERATURE PROFILE ON MARS 

George Ohring and Joseph Mariano 

1.1 I n t r o d u c t i o n  

Previous t h e o r e t i c a l  e s t ima tes  of t h e  ave rage  v e r t i c a l  temperature  
p r o f i l e  i n  t h e  lower Mart ian atmosphere have been based upon convect ive-  
r a d i a t i v e  e q u i l i b r i u m  models (see,  f o r  example, Goody, 1957; Prabhakara 
and Hogan, 1965; and Ohring and Mariano, 1966). I n  such models, a 
s u r f a c e  temperature  i s  assumed and t h e  v e r t i c a l  t empera tu re  p r o f i l e  i s  
computed on t h e  b a s i s  o f  a convect ive t roposphe re  and r a d i a t i v e  e q u i l i -  
br ium s t r a t o s p h e r e .  I n  t h e  p r e s e n t  s tudy ,  w e  a c t u a l l y  compute t h e  
ave rage  s u r f a c e  temperature  a s  wel l  a s  t h e  ave rage  v e r t i c a l  temperature  
p r o f i l e  a s  a f u n c t i o n  o f  l a t i t u d e  and season.  The computations a r e  
based upon t h e  thermal  equ i l ib r ium concept  of Manabe and S t r i c k l e r  (1964), 
which i s  a s l i g h t  m o d i f i c a t i o n  of t h e  c o n v e c t i v e - r a d i a t i v e  e q u i l i b r i u m  
model. Although t h e  e f f e c t  on Mart ian t empera tu res  of l a t i t u d i n a l  t r a n s -  
p o r t  o f  h e a t  by t h e  atmospheric  c i r c u l a t i o n  i s  no t  i nc luded  i n  t h e  model, 
t h e  computed temperatures  should be u s e f u l  f o r  many purposes.  Where 
p o s s i b l e ,  we compare t h e  computed temperatures  w i t h  o b s e r v a t i o n a l  and 
p rev ious  t h e o r e t i c a l  i n d i c a t i o n s  o f  Mart ian t empera tu res .  

1 .2  Basic  Model 

Under t h e  concept of thermal e q u i l i b r i u m ,  t h e  computed temperature  
p r o f i l e  must s a t i s f y  t h e  fol lowing e q u i l i b r i u m  c o n d i t i o n s :  1) a ba l ance  
a t  t h e  t o p  o f  the atmosphere between n e t  incoming s o l a r  r a d i a t i o n  and 
n e t  outgoing i n f r a r e d  r a d i a t i o n ;  2) a ba l ance  a t  t h e  s u r f a c e  between 
t h e  n e t  g a i n  of h e a t  by r a d i a t i o n  and the l o s s  o f  h e a t  by convec t ive  
t r a n s p o r t  i n t o  t h e  atmosphere; the l o s s  of h e a t  by convec t ive  t r a n s f e r  
i n t o  the atmosphere i s  determined from t h e  n e t  i n t e g r a t e d  r a d i a t i v e  
c o o l i n g  of the convec t ive  l a y e r  - the t roposphe re ;  and 3) the s t r a t o -  
s p h e r e  i s  i n  r a d i a t i v e  equi l ibr ium. 

The thermal  e q u i l i b r i u m  temperature p r o f i l e  i s  computed wi th  t h e  use 
o f  a n  i t e r a t i v e  procedure based upon t h e  i n i t i a l  v a l u e  method of computing 
r a d i a t i v e  e q u i l i b r i u m  temperatures .  S t a r t i n g  w i t h  an  i n i t i a l  t empera tu re  
p r o f i l e ,  one computes t h e  v e r t i c a l  d i s t r i b u t i o n  o f  t h e  r a t e  o f  r a d i a -  
t i o n a l  temperature  change. These r a t e s  a r e  a p p l i e d  t o  t h e  i n i t i a l  pro- 
f i l e  f o r  a u n i t  t ime s t e p  t o  o b t a i n  a new t empera tu re  p r o f i l e .  Th i s  
p rocess  i s  cont inued u n t i l  the t h r e e  e q u i l i b r i u m  c o n d i t i o n s  a r e  s a t i s f i e d .  
A t  each s t a g e  of t h e  c a l c u l a t i o n s  any l a y e r s  w i t h  l a p s e  r a t e s  g r e a t e r  
t h a n  a s p e c i f i e d  convec t ive  l apse  r a t e  a r e  c o r r e c t e d  t o  t h e  convec t ive  
l a p s e  r a t e .  Numerically,  t h i s  i s  accomplished a s  fo l lows .  

1 



(1)  I n  a non-convect ive l a y e r ,  t h e  n e t  r a t e  of tempera ture  change 
a t  t ime s t e p  T i s  equal  t o  t h e  computed r a t e  of r a d i a t i o n a l  tempera ture  
change: . 

n e t  r a d  

( 2 )  I n  a convec t ive  l a y e r  ( t h a t  i s ,  a l a y e r  t h a t  would have a 
super -convec t ive  l a p s e  r a t e  i f  no c o r r e c t i o n  were made) t h a t  does no t  
extend t o  t h e  su r face ,  t h e  n e t  r a t e  of tempera ture  change m u s t  s a t i s f y  
t h e  fo l lowing  requirements:  

L 

where pt and pb a r e  t h e  p r e s s u r e s  a t  t h e  top  and base  of  t h e  l a y e r ,  
r e s p e c t i v e l y ,  and 

( 2 >,l = convec t ive  l a p s e  r a t e  (3) 

where 

(3)  I n  a convec t ive  l a y e r  t h a t  ex tends  t o  t h e  s u r f a c e ,  t h e  n e t  
r a t e  of  temperature  change must s a t i s f y  ( 3 )  and (4)  and 

L L 

where c i s  t h e  s p e c i f i c  h e a t  of t h e  atmosphere a t  c o n s t a n t  p r e s s u r e ,  
g i s  t h e  g r h v i t a t i o n a l  a c c e l e r a t i o n ,  po i s  t h e  s u r f a c e  p re s su re ,  Sg i s  
t h e  n e t  downward f l u x  of s o l a r  r a d i a t i o n  a t  t h e  s u r f a c e ,  (F lg)z  i s  t h e  
downward f l u x  of i n f r a r e d  r a d i a t i o n  a t  t h e  s u r f a c e  a t  t ime s t e p  T, and 
(agg4)'+l i s  the  upward f l u x  of r a d i a t i o n  a t  t h e  s u r f a c e  a t  t i m e  s t e p  
~+1. This  equa t ion  i s  a r e s u l t  o f  t h e  second e q u i l i b r i u m  c o n d i t i o n ;  i t  
enab le s  us  t o  compute t h e  s u r f a c e  tempera ture  a t  each succeedirig 'Lime 
s t e p .  A t  each  t i m e  s t ep ,  Equat ions (1) through (5) must be s a t i s f i e d  
b e f o r e  computations f o r  t h e  nex t  t i m e  s t e p  begin.  

P 
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1.3 I n f r a r e d  Cooling 

The r a d i a t i v e  r a t e s  of temperature  change depend upon two f a c t o r s  - 
i n f r a r e d  c o o l i n g  and s o l a r  hea t ing .  Thus ,  

(2)  rad  = ( % ) s + ( % )  I R  

I n  t h i s  s e c t i o n ,  we d i s c u s s  t h e  model used t o  compute i n f r a r e d  f l u x e s  and 
c o o l i n g  r a t e s  (&/a t ) IR  i n  t h e  Mart ian atmosphere. 
w e  d i s c u s s  t h e  model t o  compute the  s o l a r  h e a t i n g  r a t e s ,  ( a@/a t ) , .  

I n  t h e  nex t  s e c t i o n ,  

We s h a l l  make use  of  t h e  computat ional  model d i s c u s s e d  by Rodgers 
and Walshaw (1966). They t a k e  as v e r t i c a l  c o o r d i n a t e  t h e  u n i t  z ,  where 

z =-Rn Cp (7) 

and cp = p/po, where po i s  t h e  s u r f a c e  p re s su re .  
w r i t t e n  a s  

Then (ae/&t),, can  be 

where g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  c i s  s p e c i f i c  h e a t  a t  con- 
s t a n t  p re s su re ,  and C i s  t h e  d e r i v a t i v e  wi th  r e s p e c t  t o  z of  t h e  n e t  
f l u x  of  i n f r a r e d  r a d i a t i o n .  A t  any l e v e l  z ,  C f o r  a n  a b s o r p t i o n  band 
c a n  be w r i t t e n  a s  

P 

Z 
dT 
dz C(Z) = B(Z) - (z,Z) - (9) 

0 

where B i s  t h e  blackbody f l u x  f o r  t h e  a b s o r p t i o n  band, Z i s  t h e  h i g h e s t  
l e v e l  cons idered ,  and T i s  t h e  t r ansmiss ion  f u n c t i o n  f o r  t h e  a b s o r p t i o n  
band. For  t h e  Mar t ian  atmosphere, we can assume t h a t  o n l y  t h e  15p C02 
band c o n t r i b u t e s  t o  t h e  i n f r a r e d  coo l ing .  Local  thermodynamic e q u i l i -  
br ium i s  a l s o  assumed. C u r t i s  and Goody (1956) have found t h i s  t o  be 
a good assumption f o r  t h e  151  C02 band i n  t h e . E a r t h ’ s  atmosphere down 
t o  p r e s s u r e s  a s  low a s  3 . 4 ~ 1 0 - ~  mb. 

For  a band t r ansmiss ion  model we assume t h e  Goody random model, f o r  
which t h e  t r ansmiss ion  of Lorentz l i n e s  ( t h e  a p p l i c a b i l i t y  of  t h e  Lorentz  
l i n e  shape f o r  t h e  Mar t ian  atmosphere i s  d i scussed  i n  t h e  Appendix) a long  
a p a t h  a t  c o n s t a n t  p r e s s u r e  can  be w r i t t e n  a s  

[- 1.6; km (1 + 1.66 k m J ’ ]  
rca T = exp 

3 



where k i s  the  mean l i n e  i n t e n s i t y ,  a i s  t h e  h a l f - w i d t h  o f  t h e  a b s o r p t i o n  
l i n e s ,  m i s  the amount of carbon d iox ide  i n  g cm-2 ,  6 i s  t h e  mean l i n e  
spac ing ,  and the f a c t o r  1 .66 i s  in t roduced  a s  a m u l t i p l e  of  m t o  approx- 
imate  f l u x  t ransmiss ion .  Fo r  a n  atmosphere w i t h  c o n s t a n t  mass mixing 
r a t i o ,  w, o f  C02, m between any two l e v e l s  z and zl i s  g iven  by 

where as i s  the  ha l f -wid th  a t  s t anda rd  p res su re ,  ps ,  and s t anda rd  temper- 
a t u r e ,  O s .  Since t h e  tempera ture  v a r i a t i o n  w i t h  a l t i t u d e  i s  much s m a l l e r  
t han  t h e  p r e s s u r e  v a r i a t i o n ,  and s i n c e  t h e  tempera ture  c o r r e c t i o n  i s  pro- 
p o r t i o n a l  t o  the squa re  r o o t  of tempera ture ,  w e  may approximate t h e  temp- 
e r a t u r e  e f f e c t  by assuming an  a p p r o p r i a t e  i so the rma l  atmosphere f o r  Mars 
wi th  a temperature  equa l  t o  8. For  an  i so the rma l  atmosphere,  t h e  C u r t i s -  
Godson approximation f o r  t h e  mean ha l f -wid th  of an  a b s o r p t i o n  l i n e  f o r  
an  a tmospher ic  pa th  wi th  va ry ing  p r e s s u r e  y i e l d s  

1. dm 
- 
a =  s dm 

o r ,  upon s u b s t i t u t i o n  of  (12) , 

Equat ion  (10) i s  f o r  a homogeneous pa th ,  i .e . ,  c o n s t a n t  p r e s s u r e  
and temperature .  I n  t h e  a c t u a l  atmosphere,  bo th  p r e s s u r e  and tempera- 
t u r e  va ry  along t h e  pa th .  P r e s s u r e  a f f e c t s  t h e  ha l f -wid ths  of  t h e  
a b s o r p t i o n  l i n e s  wh i l e  tempera ture  a f f e c t s  bo th  t h e i r  ha l f -wid ths  and 
i n t e n s i t i e s .  However, t h e  e f f e c t  of tempera ture  i s  a second o r d e r  e f -  
f e c t  compared to  t h e  e f f e c t  of p r e s s u r e  and C02 amount on t h e  t ransmis-  
s i o n .  The Lorentz  ha l f -wid th  of an a b s o r p t i o n  l i n e  a t  p r e s s u r e  p and 
tempera ture  8 can be w r i t t e n  a s  

s dm 

4 



A f t e r  i n t e g r a t i o n ,  (14) can  be reduced t o  

The e f f e c t  of tempera ture  on t h e  l i n e  i n t e n s i t i e s  can  be  incorpor-  
a t e d  fo l lowing  Rodgers and Walshaw (1966). The mean abso rbe r  amount 
between any two levels  i s  co r rec t ed  by t h e  formula 

m = 1 O ( e )  dm 

where 

i n  which k i s  t h e  l i n e  i n t e n s i t y  and t h e  summation i s  o v e r  a l l  l i n e s  
c o n t r i b u t i n g  t o  t h e  a b s o r p t i o n  i n t e r v a l .  Rodgers and Walshaw p resen t  
t h e  fo l lowing  empi r i ca l  equat ion  f o r  Q(e). 

(17) 
2 

loge @ ( e )  = a(O - 260) + b ( 8  - 260) 

where a = 3.49 x 
a g a i n  assume t h a t  we can  use a c o n s t a n t  tempera ture  c o r r e c t i o n ,  @ ( e )  
c a n  come o u t  of  t h e  i n t e g r a l  and (16) becomes 

and b = -1.28 x loe6  f o r  t h e  151.1 CO band. If w e  2 

- 
a: and m can  now be s u b s t i t u t e d  i n t o  t h e  expres s ion  f o r  t h e  t r a n s -  

mi t t ance ,  Equat ion  (10). 
on Mars, 

For  the  C 0 2  c o n t e n t  and 

na:  
and,hence, (10) can  be  w r i t t e n  a s  

(1.66 n 6  k m )  
6 T = exp [- 

p r e s s u r e s  p r e v a i l i n g  

¶ 



- - 
which, upon s u b s t i t u t i o n  f o r  a and m, becomes 

“ 

To compute t h e  coo l ing  r a t e s ,  we r e q u i r e  dT/dz. 

L e t t i n g  3 

w e  o b t a i n  f o r  t he  v e r t i c a l  d e r i v a t i v e  of  t h e  t r a n s m i t t a n c e  

For  t h e  15p C 0 2  band, c e n t e r e d  a t  667 c m - l  and ex tending  ove r  170 
a, c m - l ,  Rodgers and Walshaw (1966) ob ta ined  t h e  parameters  k, 6 ,  and 

by f i t t i n g  d e t a i l e d  quantum-mechanical c a l c u l a t i o n s  of l i n e  p o s i t i o n s  
and i n t e n s i t i e s  t o  the random model f o r  band t r ansmiss ion .  We use t h e i r  
va lues  f o r  t h e  e v a l u a t i o n  of t r ansmiss ion :  as = 0.07 c m - l ;  k/6 = 718.7 
g - l  cm2;  and &,/6 = 0.448. 
we assume 8 = 200°K. 

For  t h e  c o n s t a n t  tempera ture  c o r r e c t i o n ,  

The downward f l u x  of i n f r a r e d  r a d i a t i o n  a t  t h e  s u r f a c e ,  FJg, 
r equ i r ed  f o r  Equation (5 ) ,  i s  g iven  by 

- -  - T(o,Z) B(Z) + B(o) -I- f T(o,z’) 2) (2’) dz‘. (23) 

O 
FJ. g 

The blackbody f l u x  B ( 8 )  i s  t h e  i n t e g r a l  o f  t h e  P lanck  f u n c t i o n  a t  
t empera ture  e over  the s p e c t r a l  i n t e r v a l  n l  = 582 c m - l  t o  n2 = 752 cm-1.  
To a h i g h  approximation f o r  t h i s  s p e c t r a l  r e g i o n  and Mar t ian  tempera- 
t u r e s  it can  be computed from 

4 B ( 8 )  = 

2 C 

5 -1 -1 -1 where c = 1.191 x 10- e r g  c m  s e c  s t e r a d i a n  and c = 1.4389 c m  deg . 1 2 
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1.4 So la r  Heat ing  

For  t h e  s o l a r  h e a t i n g ,  w e  s h a l l  assume t h a t  o n l y  t h e  nea r  i n f r a r e d  
bands of carbon d iox ide  c o n t r i b u t e  t o  h e a t i n g .  Although sma l l  amounts 
of  wa te r  vapor  a r e  p r e s e n t  i n  t he  Mar t i an  atmosphere,  t h e  c o n t r i b u t i o n  
of  t h i s  gas  t o  t h e  s o l a r  h e a t i n g  r a t e  and t o  t h e  f i n a l  t empera ture  d i s -  
t r i b u t i o n  i s  n e g l i g i b l e  compared t o  carbon d iox ide  ( see  Ohring and 
Mariano, 1966). We s h a l l  f o l l o w  t h e  method of  Houghton (1963), which 
i s  based upon t h e  exper imenta l  abso rp t ion  d a t a  o f  Howard, e t  a 1  (1955), 
Burch, e t  a 1  (1960), and See ley  and Houghton (1961).  

For  a g iven  t i m e  of y e a r  and l a t i t u d e ,  t h e  average  amount of s o l a r  
energy absorbed from a p r e s s u r e  l e v e l  p t o  t h e  top  of t h e  atmosphere 
du r ing  a Mar t ian  day can be w r i t t e n  a s  

where Ioa  i s  t h e  i n t e n s i t y  of s o l a r  r a d i a t i o n  pe r  wavenumber n a t  t h e  
t o p  of t h e  atmosphere i n  t h e  a - t h  a b s o r p t i o n  b a n d , ' r q  i s  t h e  average  
c o s i n e  of  t h e  s o l a r  z e n i t h  ang le  f o r  t h e  day, A a  i s  t h e  i n t e g r a t e d  
a b s o r p t i o n  of  t h e  a-th 'band f o r  t he  atmospheric  column extending  from 
t h e  top  of t h e  atmosphere t o  t h e  p r e s s u r e  l e v e l  p a long  a s l a n t  pa th  
p a r a l l e l  t o  t h e  s o l a r  beam, r i s  t h e  f r a c t i o n  o f  t h e  day t h a t  t h e  sun 
i s  sh in ing ,  and t h e  summation extends ove r  t h e  carbon d iox ide  abso rp t ion  
bands.  The h e a t i n g  r a t e  a t  a p re s su re  l e v e l  p can be  determined from 

Houghton's (1963) express ions  f o r  t h e  i n t e g r a t e d  a b s o r p t i o n  a r e :  

S t rong  bands (im > xa) Aa = b R R  + c loglO(im) (28) 

where p i s  i n  mb, m i s  i n  atmo-cm of C02, and aa ,  ba,  C R ,  and xi a r e  t h e  
e m p i r i c a l l y  determined c o n s t a n t s  f o r  t h e  R-th band. Fo r  a p a t h  ex tending  
from t h e  top  of  an  atmosphere with a c o n s t a n t  mixing r a t i o ,  w, t o  a ldve l  
whose p r e s s u r e  i s  p i 

r 
- J p d m  pi 

= -  
m 2 P =  (29) 
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and 
3 10 w - * = -  sec J I  pi 

pc 

where p c  i s  the  d e n s i t y  of  COC, a t  STP. 

With t h e s e  equa t ions  
g r a t e d  abso rp t ion  i n  cm- 1 

3 
sec J I  

L 

f o r  mean p r e s s u r e  and p a t h  l eng th ,  t h e  i n t e -  
down t o  t h e  l e v e l  pi i s  

- 
R pim < x 

- 
a Lba+ 2cR(.435)Rne(pi) + cQ(.435)Bne pim > x 

D i f f e r e n t i a t i n g  wi th  r e s p e c t  t o  p,  w e  have 

2ca (. 435) 

P i  

Q pm x 

The empi r i ca l  c o n s t a n t s  f o r  t h e  n e a r - i n f r a r e d  a b s o r p t i o n  bands,  
a f t e r  Houghton (1963),  a r e  shown i n  Table  1 a long  w i t h  t h e  va lues  of Io 
a t  Mars' mean d i s t a n c e  from t h e  sun. 

Fo r  t h e  s o l a r  r a d i a t i o n  reaching  t h e  s u r f a c e ,  Sg, we may wr i t e  

S = ( 1  - A)(So r cos  J I  - E ) , (33) g g 

where So i s  the  i n t e n s i t y  o f  s o l a r  r a d i a t i o n  a t  Mars' d i s t a n c e  from t h e  
sun,  A i s  t h e  Mart ian p l a n e t a r y  a lbedo ,  and E i s  t h e  amount of  s o l a r  
energy absorbed i n  t h e  atmosphere,  which i s  g iven  by g 

/ -  \ 
I \ '  \ 

--F--- W E L ~  n A i s  determined from (31) .  
gJ 
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Constan ts  f o r  

Table  1 

the  near-  i n f r a r e d  C 0 2  bands. 

Band 
(PI 

b C X 

2.0 

1.6 

1.4 

4.3 

2.7 

18.3 

25.0 

27 .2  

5.6 

11.8 

0.02) 

8.4 - 11 37 15.4 

1.87 - 136 6 5  9 10 
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To determine t h e  average z e n i t h  ang le ,  f o r  a g i v e n  day on Mars, w e  
make use  of t he  r e l a t i o n s h i p  

(35) c o s  $ = s i n  cp s i n  6 + COS cp COS 6 COS h 

where cp i s  l a t i t u d e ,  
The average value of 

1 c o s  I# = - 
hO 

where h i s  t h e  hour 
g i v e n  by 0 

6 i s  d e c l i n a t i o n  o f  sun and h i s  t h e  hour  a n g l e .  
cos  $ f o r  a g iven  day i s  

/ 
J 

ang le  between noon and s u n r i s e  o r  s u n s e t ,  which i s  

( s i n  cp s i n  6 + cos cp COS 6 cos h)dh (36) 

0 

(37) cos  h = - t a n  cp t a n  6 . 
0 

Upon i n t e g r a t i o n  of (36) ,  w e  o b t a i n  

s i n  h c o s  cp COS 8 
0 

0 
h cos I) = s i n  cp s i n  6 + 

The f r a c t i o n  of t h e  day t h a t  the sun s h i n e s  i s  g i v e n  by 

0 
h 

r = - .  
IT 

1.5 Numerical Methods 

(39) 

The temperature  p r o f i l e  and s u r f a c e  temperature  a r e  computed u s i n g  
an i t e r a t i v e  procedure.  During each c y c l e  t h e  n e t  r a t e  of change o f  
temperature  (de/dt)net ,  i s  computed from Equat ions (1) through (5). The 
atmosphere i s  divided i n t o  n l a y e r s  of  equa l  p r e s s u r e  t h i c k n e s s e s ,  Ap. 
The t empera tu re  p r o f i l e  a t  t h e  beginning of t h e  i t e r a t i o n  c y c l e  ( say ,  
t h e  7 - th  c y c l e )  c o n s i s t s  o f  t h e  temperatures  a t  t h e  i n t e r f a c e s  of the 
n l a y e r s  ( s e e  Figure l),  e ! ,  e; ,  ..., e:+l l o c a t e d  a t  t h e  p r e s s u r e s  p1 
( s u r f a c e  p r e s s u r e ) ,  p2, ..., and pn+l r e s p e c t i v e l y .  

The fol lowing s t e p s  a r e  then  executed.  

10 
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p4 
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Figure 1. Schematic diagram of computational model at time step, T. 

11 



Step  (1 ) :  The i n f r a r e d  c o o l i n g  r a t e  i s  computed a t  each i n t e r f a c e  
from 

where F i s  def ined  by (21) .  

S t ep  (2 ) :  The s o l a r  h e a t i n g  r a t e  i s  computed a t  each i n t e r f a c e  
from 

(%)is = ( 1 IOR cos lk - dA")r . 
dPi 

R 

S t e p  ( 3 ) :  The r a t e  of  change of  tempera ture  due t o  r a d i a t i o n  i s  
computed a t  each i n t e r f a c e  from 

n 

12 
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Step ( 4 ) :  The loss of energy by the Martian surface due to convec- 
tion is computed as follows. 
with the surface temperature 8 

The convective temperature profile, ( e ; ) ,  
= ei, is computed for each successive -r 

level in the atmosphere from t a e equation 

* Y- 1 

* 
i- 1 

where y = c /cv, the ratio of 
the specifil heat at constant 

(i = 2, 3 ,  ..., ) (44) 

the specific heat at constant pressure to 
volume. for the Martian atmosphere. The - *  first computed convective temperature, 82, is compared with the new 

radiative temperature 

(i = 2) 
rad rad (45) 

where At is the increment of time for the T-th cycle. 
superconvective, the net rate of change of temperature, is 
computed from the equation, (for i = 2) 

If (82)rad is 

'I 

* = G I + ( % )  net A t .  
i 'i 

The above procedure is continued until the level where the new radiative 
temperature is not superconvective (say, i = t) is attained. This level 
(i = t) defines the top of the convec$izye layer that extends to the sur- 
face. , is now computed from (5) where The new surface temperature, Bg 
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(ob ta ined  from an i n t e g r a t i o n  by p a r t s  of (23) ) and t h e  s o l a r  r a d i a t i o n  
reaching  t h e  su r face ,  Sg, i s  computed from ( 3 3 ) . I f  t h e  f i r s t  new r a d i a t i v e  
tempera ture  (82)rad i s  no t  supe rconvec t ive , ,  
i s  no convec t ive  l a y e r  t h a t  reaches  t h e  s u r f a c e  and (5) reduces  t o  

2+l t h e  model assumes t h a t  t h e r e  

T+l  The new r a d i a t i v e  tempera tures  ( 0 i ) r a d  f o r  i > t a r e  a l s o  compared 
t o  t h e i r  corresponding convec t ive  va lues ,  I f  one o r  more tempera- 
t u r e s  (say,  from i = R  t o  i=R+k) a r e  s u p e r  convec t ive ,  t h e  n e t  r a t e s  of 
change of  temperature ,  (&/a t )Zne t  ( i  = R ,  R+1, . . . , R+k) a r e  computed 
from ( 4 6 ) .  A l s o ,  i n  o r d e r  t o  s a t i s f y  Equat ion (2) ,  t h e  new r a d i a t i v e  
tempera tures  above t h e  l e v e l ,  R+k, (say,  from R+k+l t o  J+k+m)are lowered 
t o  t h e i r  corresponding convec t ive  values ,where@/at)  i n e t  (i = R+k+l t o  
R+k+m) i s  a l s o  computed from ( 4 6 )  and, 

e l .  

T 

For  t h e  remaining new r a d i a t i v e  tempera tures  t h a t  a r e  no t  supe rconvec t ive ,  

and thus  Equation (1) i s  s a t i s f i e d .  

2+1 S tep  (5) :  The new tempera ture  p r o f i l e ,  [e i  1 i s  computed from 
t h e  equa t ions  

At ( i  > 2, 3 ,  ..., n) - e'+'= i ei +($  i n e t  - ( 5 3 )  

and 
Z + l  T + l  el = e  

g 
(54) 

and t h e  l - t h  i n t e r a t i o n  c y c l e  i s  completed.  The i t e r a t i o n  procedure i s  
cont inued  u n t i l  t h e  n e t  r a t e s  of  change of tempera ture ,  (aQ/ht),,, a r e  
l e s s  t han  a p re sc r ibed  convergence c r i t e r i o n ,  E .  
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1.6 Atmospheric Composition, Su r face  P r e s s u r e  
and Other I n p u t  Parameters  

To perform t h e  c a l c u l a t i o n s  w i t h  t h e  thermal  e q u i l i b r i u m  model, 
i n fo rma t ion  i s  r e q u i r e d  on t h e  atmospheric  composi t ion and s u r f a c e  pres-  
s u r e  on Mars. The r e s u l t s  o f  r e c e n t  s p e c t r o s c o p i c  o b s e r v a t i o n s  (Spinrad 
e t  a l ,  1966; Owen, 1966; and Belton and Hunten, 1966) and t h e  Mariner  I V  
o c c u l t a t i o n  experiment ( K l i o r e  e t  a l ,  1965) i n d i c a t e  t h a t  t h e  s u r f a c e  
p r e s s u r e  i s  about  5 t o  10 mb and t h e  atmosphere i s  predominantly carbon 
d iox ide .  Fo r  o u r  computat ions,  w e  assume a n  atmosphere composed of 60 
p e r c e n t  (by mass)C02 with a s u r f a c e  p r e s s u r e  o f  10 mb. 
o f  t h e  atmosphere i s  probably argon o r  n i t r o g e n  - o r  a combination o f  
t h e  two - bo th  of which a r e  i n a c t i v e  a s  a b s o r b e r s  o f  r a d i a t i o n .  We 
assume t h a t  t h e  remaining g a s  i s  a l l  n i t r o g e n .  

The remainder 

Trace amounts of w a t e r  vapor - - 151-1. p r e c i p i t a b l e  c m  - have been 
d e t e c t e d  i n  the Mar t i an  atmosphere (Kaplan e t  a l ,  1964). However, 
p rev ious  c a l c u l a t i o n s  (Ohring and Mariano, 1966) sugges t  t h a t  i n c l u s i o n  
o f  t h i s  g a s  i n  o u r  model would n o t  s u b s t a n t i a l l y  change the r e s u l t s .  
Therefore ,  i t  i s  no t  i nc luded  i n  t h e  computations.  

Seve ra l  o t h e r  i n p u t  cons t an t s  a r e  r e q u i r e d  i n  t h e  computations.  
The i n t e n s i t y  of s o l a r  r a d i a t i o n  a t  t h e  t o p  of t h e  Mart ian atmosphere 
i s  t aken  a s  

S . C .  s = -  

R2 0 

- 2  -1 where S . C .  = 2 c a l  c m  min i s  t h e  s o l a r  c o n s t a n t  f o r  Ea r th  and R i s  
t h e  Mars-Sun d i s t a n c e  i n  as t ronomical  u n i t s .  The v a r i a t i o n  of R w i th  
t i m e  of y e a r  i s  included i n  the  c a l c u l a t i o n s .  

The p l a n e t a r y  albedo of Mars i s  t aken  a s  0.3 (de Vaucouleurs, 1964) 
and i s  assumed t o  be i n v a r i a n t  wi th  l a t i t u d e  and season.  The convec t ive  
l a p s e - r a t e  i s  assumed t o  be the  d r y  a d i a b a t i c  l a p s e - r a t e .  F o r  the as- 
sumed atmospheric  composi t ion,  t h e  r e q u i r e d  thermod namic c o n s t a n t s  a r e  

con t inued  u n t i l  t h e  n e t  r a t e s  of t empera tu re  change were l e s s  t h a n  t h e  
p r e s c r i b e d  convergence c r i t e r i o n  o f  E = 0.05 deg day- l .  

( 7 - l ) / y  = 0.269 and c = 0.858 x lo7 e r g  gm-l('K)- Y . The i t e r a t i o n s  
P 
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1 . 7  R e s u l t s  and Di scuss ion  

Before computing t h e  ave rage  s u r f a c e  t empera tu res  and a tmospher ic  
tempera ture  p r o f i l e s  on Mars a s  a f u n c t i o n  of l a t i t u d e  and season,  two 
p re l imina ry  s e t s  of computations were performed. The f i r s t  se t  was 
in tended  t o  compare r e s u l t s  f o r  a n  assumed model atmosphere (60% C 0 2 ;  
po = 10 mb) with t h o s e  f o r  a 100 pe rcen t  C02, po = 5 mb model atmosphere.  
The p u r e  CO2 atmosphere i s  a l s o  compat ib le  w i t h  p r e s e n t  o b s e r v a t i o n s  and 
has  been used in o t h e r  c a l c u l a t i o n s  of Mar t ian  t empera tu res  ( see ,  f o r  
example, Leovy, 1966). The second set  of computations was des igned  t o  
de te rmine  t h e  minimum number of l a y e r s  i n  t h e  computa t iona l  model re- 
qu i r ed  t o  y i e l d  a reasonably  a c c u r a t e  p i c t u r e  of t h e  v e r t i c a l  t empera ture  
s t r u c t u r e .  Both s e t s  of computations were performed f o r  a t ime of maxi- 
mum i n s o l a t i o n  - s o u t h e r n  hemisphere summer s o l s t i c e ,  l a t i t u d e  8OoS. 

The r e s u l t s  of t h e  f i r s t  se t  of computations a r e  shown i n  F i g u r e  2, 
where t h e  computed tempera tures  a r e  p l o t t e d  as a f u n c t i o n  of p / p o ,  t h e  
r a t i o  of atmospheric p r e s s u r e  t o  s u r f a c e  p r e s s u r e .  The thermodynamic 
c o n s t a n t s  f o r  the  5 mb, 100 pe rcen t  C02 atmosphere a r e  ( y - l ) / y  = 0.257 
and c The ave rage  s u r f a c e  tempera ture  
f o r  tRe 10 mb case i s  s l i g h t l y  h i g h e r  - 255OK v e r s u s  254OK - than f o r  t h e  
5 mb c a s e .  This i s  due t o  t h e  s l i g h t l y  g r e a t e r  greenhouse e f f e c t  (83 m 
STP of CO a t  10 mb p r e s s u r e  ve r sus  69 m STP of CO2 a t  5 mb p r e s s u r e )  i n  2 t h e  10 mb a tmospher ic  model. I n  a d d i t i o n ,  t h e  g r e a t e r  a d i a b a t i c  c o n s t a n t ,  
( y - l ) / y ,  f o r  the 10 mb c a s e  a l s o  t ends  t o  i n c r e a s e  t h e  s u r f a c e  tempera ture ,  
s i n c e  t h e  convec t ive  f l u x  r e q u i r e d  t o  ma in ta in  an a d i a b a t i c  tempera ture  
p r o f i l e  from the s u r f a c e  t o  the  t ropopause  i s  l e s s .  The most s i g n i f i c a n t  
f e a t u r e  of t h e  computed tempera ture  p r o f i l e s ,  however, i s  t h e  sma l l  tem- 
p e r a t u r e  d i f f e r e n c e s  f o r  t h e  two d i f f e r e n t  model atmospheres.  The maxi- 
mum tempera ture  d i f f e r e n c e  i s  7'K and occur s  a t  t h e  upper l e v e l s .  Th i s  
r e s u l t  i n d i c a t e s  t h a t  t h e  tempera tures  computed wi thouras sumed  model 
atmosphere would a l s o  be r e p r e s e n t a t i v e  of a 5 mb, 100 pe rcen t  CO model. 

The r e s u l t s  of t h e  second set  of computations a r e  shown i n  F i g u r e  3. 

= 0.736 x l o 7  e r g  gm-1 (%)-I. 

2 

I n  t h i s  s e t ,  a 10 - l aye r  computa t iona l  model was compared t o  a 4 - layer  
computa t iona l  model. A s  can be seen, t h e r e  i s  no a p p r e c i a b l e  d i f f e r e n c e  
i n  t h e  computed tempera ture  p r o f i l e s .  Therefore ,  t h e  4 - l a y e r  model was 
used i n  computing t h e  l a t i t u d i n a l  d i s t r i b u t i o n  of t empera tu re  p r o f i l e s  
f o r  each of t h e  f o u r  Martian seasons.  

The computed tempera ture  d i s t r i b u t i o n s  a r e  shown i n  F i g u r e s  4 ,  5, 6 
and 7 i n  t h e  form of l a t i t u d i n a l  c r o s s - s e c t i o n s  - one f o r  each season  - 
extending  from nor th  po le  t o  sou th  pole .  The v e r t i c a l  c o o r d i n a t e  i s  t h e  
p r e s s u r e  p l o t t e d  on a loga r i thmic  s c a l e ;  p = 1 mb cor responds  t o  about  
20 km a l t i t u d e ,  p = 0.1 mb t o  about  40 km. Temperatures were computed 
a t  even 20-degree l a t i t u d e  i n t e r v a l s .  
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Figure 2. Comparison of Martian temperature profiles computed for 10 mb, 
60% C02 atmosphere (dashed line) and 5 mb, 100% C02 atmosphere 
(solid line) for Southern Hemisphere summer solstice, latitude 
80OS. Tropopause indicated by short horizontal line. 
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Figure 3. Comparison of Martian temperature profiles computed with 4- 
layer model (x) and 10-layer model (0) for Southern Hemisphere 
summer solstice, latitude B O O S .  
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Figure 4 .  Computed latitudinal temperature cross-section for Northern 
Hemisphere spring equinox on Mars. Temperatures in K; tropo- 
pause indicated by dashed line. 
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Figure 5. Computed latitudinal temperature cross-section for Northern 
0 Hemisphere summer solstice on Mars. Temperatures in K; 

tropopause indicated by dashed line. 
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Figure 6. Computed latitudinal temperature cross-section for Northern 
Hemisphere fall equinox on Mars. Temperatures in OK; tropo- 
pause indicated by dashed line. 
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Before d e s c r i b i n g  t h e  f e a t u r e s  of t h e  computed tempera ture  d i s t r i b u -  
t i o n s ,  we should d i s c u s s  t h e  r e p r e s e n t a t i v e n e s s  of t h e s e  computed tempera- 
t u r e s .  The m a j o r  h e a t  t r a n s p o r t  p rocesses  no t  inc luded  i n  t h e  model a r e  
l a t i t u d i n a l  t r a n s p o r t  of h e a t  by t h e  a tmospher ic  c i r c u l a t i o n  and conduc- 
t i v e  exchange between t h e  p l ane ta ry  s u r f a c e  and t h e  subsu r face .  The a t -  
mospheric c i r c u l a t i o n  would t r a n s p o r t  h e a t  from t h e  r e g i o n s  of maximum 
i n s o l a t i o n  ( e q u i n o c t i a l  equator  o r  summer p o l e )  t o  t h e  r e g i o n s  of mini-  
mum i n s o l a t i o n  ( e q u i n o c t i a l  poles and w i n t e r  p o l e ) .  The e f f e c t  of such 
t r a n s p o r t  would be a dec rease  of t e m p e r a t u r e  a t  e q u a t o r i a l  l a t i t u d e s  
du r ing  t h e  equinoxes and a t  polar  l a t i t u d e s  du r ing  summer, and an i n -  
c r e a s e  of tempera ture  a t  p o l a r  l a t i t u d e s  du r ing  t h e  equinoxes and i n  
w i n t e r .  The e f f e c t  of conductive exchange between t h e  s u r f a c e  and sub- 
s u r f a c e  would be s imi la r .  Downward h e a t  conduct ion  i n t o  t h e  s u b s u r f a c e  
would lower t h e  tempera ture  a t  po in t s  w i t h  maximum i n s o l a t i o n .  Upward 
h e a t  conduct ion  t o  t h e  s u r f a c e  would r a i s e  t h e  tempera ture  a t  p o i n t s  of 
minimum i n s o l a t i o n .  Of t h e s e  t w o  p rocesses ,  t h e  e f f e c t  of l a t i t u d i n a l  
t r a n s p o r t  of h e a t  energy by t h e  c i r c u l a t i o n  is probably much more i m -  
p o r t a n t .  Smagorinsky e t  a 1  (1965) ob ta ined  e x c e l l e n t  agreement between 
computed and observed tempera tures  f o r  t h e  E a r t h ' s  atmosphere w i t h  a 
model t h a t  i nc ludes  t h e  e f f e c t  of t h e  c i r c u l a t i o n  bu t  n e g l e c t s  conduc t ive  
h e a t  exchange. 

Another h e a t  t r a n s f e r  mechanism - r e l e a s e  of l a t e n t  h e a t  due t o  
changes of phase of C02 - would become impor tan t  a t  h i g h  l a t i t u d e s  i f  
t h e  Mar t ian  p o l a r  caps a r e  composed of s o l i d  C02 (Leighton and Murray, 
1966; Leovy, 1966). Th i s  mechanism would tend t o  i n c r e a s e  t h e  s u r f a c e  
t empera tu re  du r ing  t h e  pe r iod  t h a t  t h e  cap i s  forming and d e c r e a s e  t h e  
s u r f a c e  tempera ture  du r ing  t h e  per iod t h a t  t h e  cap i s  melt ing.  The e f -  
f e c t  of t h e  p o s s i b l e  condensation of  CO i s  n o t  allowed f o r  i n  t h e  p r e s e n t  
model. 2 

From t h e  above d i s c u s s i o n  we may conclude t h a t  t h e  computed tempera- 
t u r e s  a r e  probably somewhat t o o  h igh  a t  e q u a t o r i a l  l a t i t u d e s  d u r i n g  t h e  
equinoxes and a t  p o l a r  l a t i t u d e s  d u r i n g  t h e  summer. They a r e  t o o  low 
a t  p o l a r  l a t i t u d e s  du r ing  t h e  equinoxes and du r ing  w i n t e r .  The computed 
tempera tures  should be most r e p r e s e n t a t i v e  a t  middle l a t i t u d e s  d u r i n g  
t h e  equinoxes and a t  e q u a t o r i a l  l a t i t u d e s  du r ing  t h e  s o l s t i c e s .  

The major f e a t u r e s  of t h e  computed tempera ture  c r o s s - s e c t i o n s  a r e :  

1. 

2. 

3. 

The extremely small l a t i t u d i n a l  tempera ture  g r a d i e n t s  i n  t h e  
summer hemisphere, w i t h  t h e  maximum tempera ture  o c c u r r i n g  a t  
t h e  pole .  

The d e c r e a s e  of tropopause a l t i t u d e  - dashed l i n e  - w i t h  l a t i -  
t ude  from a maximum a t  t h e  equa to r  du'ring t h e  e q u i n o c t i a l  
seasons and a t  t h e  summer p o l e  du r ing  t h e  s o l s t i c e s .  

The r e l a t i v e l y  i so thermal  v e r t i c a l  s t r u c t u r e  a t  h i g h  l a t i t u d e s  
du r ing  t h e  equinoxes and i n  w i n t e r .  
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The average  p l a n e t a r y  s u r f a c e  tempera tures  f o r  t h e  f o u r  s easons  a r e  
l i s t e d  i n  Tab le  2. 
and between t h e  two s o l s t i c e s  a r e  due t o  d i f f e r e n c e s  i n  t h e  p l a n e t ' s  
d i s t a n c e  from the sun. 

The tempera ture  d i f f e r e n c e s  between t h e  two equinoxes 

It i s  of i n t e r e s t  t o  compare t h e  computed tempera tures  w i t h  observa-  
t i o n a l  i n d i c a t i o n s  of Mar t ian  tempera tures  and w i t h  o t h e r  t h e o r e t i c a l  
e s t i m a t e s .  I n d i c a t i o n s  of s u r f a c e  t e m p e r a t u r e  a r e  a v a i l a b l e  from micro- 
wave and i n f r a r e d  o b s e r v a t i o n s .  Unfo r tuna te ly ,  bo th  t h e  i n f r a r e d  and 
microwave obse rva t ions  a r e  of t h e  s u n l i t  s i d e  of t h e  p l a n e t  and t h e r e -  
f o r e  a r e  r e p r e s e n t a t i v e  of daytime tempera tures  r a t h e r  than t h e  ave rage  
d a i l y  tempera tures  t h a t  a r e  computed i n  our  model. However, t h e  micro- 
wave obse rva t ions  refer t o  t e m p e r a t u r e s  a t  l e v e l s  a few c e n t i m e t e r s  be- 
low t h e  s u r f a c e .  A t  such l e v e l s ,  t h e  e f f e c t  of d i u r n a l  t e m p e r a t u r e  v a r i -  
a t i o n s  would be  minimal, and t h e  observed t empera tu res  may be c l o s e  t o  
t h e  d a i l y  average  temperatures. Unfo r tuna te ly ,  t h e  microwave observa-  
t i o n s  do n o t  r e s o l v e  t h e  d i s k .  Thus, t o  make a comparison w e  must  ave rage  
our  computed s u r f a c e  tempera tures  t o  o b t a i n  a p l a n e t a r y  ave rage  s u r f a c e  
temperature .  This tempera ture  can then be compared w i t h  t h e  microwave 
o b s e r v a t i o n s .  
The microwave obse rva t ions  y i e l d  an ave rage  t empera tu re  of about  215'K t o  
220°K, when c o r r e c t e d  f o r  a s u r f a c e  e m i s s i v i t y  of 0.89 and normalized t o  
a mean Mars-sun d i s t a n c e  (Dent e t  a l ,  1965; Hughes, 1966; Kellerman, 1966). 
The u n c e r t a i n t y  in  t h i s  temperature ,  due t o  o b s e r v a t i o n a l  e r r o r s ,  i s  about  
- + 5%. 
tempera ture  can be cons idered  e x c e l l e n t .  

Our computed p l a n e t a r y  ave rage  s u r f a c e  t empera tu re  i s  208'K. 

The agreement between t h e  computed and observed p l a n e t a r y  ave rage  

T h e o r e t i c a l  c a l c u l a t i o n s  of t h e  l a t i t u d i n a l  and s e a s o n a l  d i s t r i b u -  
t i o n s  of t h e  d i u r n a l  v a r i a t i o n  of Mar t ian  s u r f a c e  t empera tu re  have been 
performed by Leovy (1966) and Leighton and Murray (1966). F i g u r e s  8 and 
9 show comparisons of ou r  computed s u r f a c e  t empera tu res  w i t h  t h e  d a i l y  
ave rage  s u r f a c e  tempera tures  of Leovy. Leovy models t h e  a tmospher ic  r a d i a -  
t i v e  exchange i n  a f a s h i o n  s imi la r  t o  b u t  s imple r  than ours .  H i s  t r e a t -  
ment of convec t ion  i s  somewhat d i f f e r e n t  from our s  and he  a l s o  i n c l u d e s  t h e  
e f f e c t  of conduct ive  h e a t  t r a n s f e r  between s u r f a c e  and subsu r face .  H i s  
computations a r e  f o r  a 5 mb s u r f a c e  p r e s s u r e ,  100 p e r c e n t  C02  atmosphere 
w i t h  a n  a lbedo  t h a t  v a r i e s  w i t h  l a t i t u d e  and whose ave rage  v a l u e  i s  about  
0.23. Because of a g e n e r a l l y  lower albedo,  h i s  s u r f a c e  t empera tu re  should 
be a few degrees  lower than o u r s .  However, t h e  r e s u l t s  a re  i n  e x c e l l e n t  
agreement excep t  a t  p o l a r  r e g i o n s  du r ing  t h e  equinoxes and w i n t e r .  When 
Leovy's s u r f a c e  tempera ture  f a l l s  below t h e  condensa t ion  t empera tu re  of 
C 0 2  (- 145OK), he p e r m i t s  a tmospher ic  C 0 2  t o  condense. 
l a t e n t  h e a t  of condensation ma in ta ins  t h e  p o l a r  tempera tures  du r ing  t h e s e  
seasons  a t  145%. 

The release of 

Th i s  e f f e c t  i s  no t  inc luded  i n  our  computations.  

A comparison of ou r  computed l a t i t u d i n a l  d i s t r i b u t i o n  of annua l  
s u r f a c e  tempera ture  w i t h  t h a t  of Leighton and Murray (1966) i s  shown i n  
F i g u r e  10. Leighton and Murray pa rame te r i ze  t h e  exchange of h e a t  energy 
between t h e  s u r f a c e  and atmosphere, bu t  do i n c l u d e  t h e  e f f e c t s  of  conduc t ive  
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Table  2 

Average p l ane ta ry  s u r f a c e  temperatures .  

Season Average P l a n e t a r y  Sur face  
Temperature 

( O K >  

Northern Hemisphere Spr ing  Equinox 210 

Northern Hemisphere Summer S o l s t i c e  194 

Northern Hemisphere F a l l  Equinox 217 

Northern Hemisphere Winter S o l s t i c e  212 
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Figure  8. Comparison of computed l a t i t u d i n a l  v a r i a t i o n  of Martian s u r f a c e  
temperature for Northern Hemisphere f a l l  equinox wi th  t h a t  of 
Leovy (1966). So l id  l i n e  - p r e s e n t  model; dashed l i n e  - Leovy 
(1966) i 
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Figure 9. Comparison of computed latitudinal variation of Martian surface 
temperature for Northern Hemisphere winter solstice with that of 
Leovy (1966). Solid line - present model; dashed line - Leovy 
(1966). 
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Figure 10. Comparison of computed latitudinal variation of mean annual 
Martian surface temperature with that of Leighton and Murray 
(1966). Solid line - present model; dashed line-Leighton and 
Murray (1966) . 
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h e a t  exchange between s u r f a c e  and s u b s u r f a c e  and t h e  e f f e c t  of t h e  re- 
l e a s e  of l a t e n t  h e a t  due t o  condensation of C02.  T h e i r  assumed a lbedo  
i s  0.15. The comparison i n d i c a t e s  t h a t  t h e i r  t e m p e r a t u r e s  a r e  some 8 t o  
10% lower than ou r s  a t  low and middle l a t i t u d e s .  S i n c e  t h e i r  assumed 
a lbedo  i s  lower than ou r s ,  t h e i r  computed tempera tures  should not  be lower 
b u t  h i g h e r  than ou r s  a t  t h e s e  l a t i t u d e s .  
may be t h e i r  s i m p l i f i e d  modelling of h e a t  exchange between s u r f a c e  and 
atmosphere. 
i n c l u d e  the  e f f e c t  of condensation of a tmospher ic  C02.  
t h e  r e s u l t s  of a l l  t h r e e  t h e o r e t i c a l  models - o u r s ,  Leovy's, and Leighton 
and Murray's - a r e  i n  e x c e l l e n t  agreement on t h e  l a t i t u d i n a l  v a r i a t i o n s  of 
s u r f a c e  temperature .  

The r eason  f o r  t h e  d iscrepancy  

The i r  p o l a r  tempera tures  a r e  h i g h e r  t han  o u r s  because they 
Genera l ly  speaking, 

There i s  no o b s e r v a t i o n a l  in format ion  a v a i l a b l e  on t h e  l a t i t u d i n a l  
and s e a s o n a l  v a r i a t i o n s  of t h e  Martian v e r t i c a l  t empera ture  d i s t r i b u t i o n  
w i t h  which t o  compare our  r e s u l t s .  
except  t h o s e  from Leovy's (1966) two l a y e r  atmosphere model. I n  F i g u r e s  
11 and 1 2  w e  compare our l a t i t u d i n a l  d i s t r i b u t i o n s  of computed tempera ture  
a t  t h e  a tmospher ic  l e v e l ,  p/po = 0.31, where p i s  p r e s s u r e  and po i s  s u r f a c e  
p r e s s u r e ,  w i t h  t h o s e  of Leovy f o r  t h e  same atmosphere l e v e l .  
o u r  computed tempera tures  are  g e n e r a l l y  2O0K t o  35'K lower than Leovy ' s .  
The reason  f o r  t h i s  d i f f e r e n c e  i s  n o t  immediately obvious.  It may be t h a t  
Leovy has  ove res t ima ted  t h e  convec t ive  h e a t  f l u x ,  which would l e a d  t o  
h i g h e r  a tmospher ic  tempera tures  and lower s u r f a c e  tempera tures  i n  h i s  
model. Th i s  would a l s o  e x p l a i n  why h i s  s u r f a c e  tempera tures  a g r e e  q u i t e  
w e l l  w i t h  ou r s  d e s p i t e  h i s  lower a lbedos .  

There a r e  a l s o  no t h e o r e t i c a l  e s t i m a t e s  

I n  g e n e r a l ,  

A rough comparison can be made between our  computed tempera tures  and 
t h e  tempera tures  i n f e r r e d  from the  Mariner I V  o c c u l t a t i o n  experiment.  

F i g u r e  13 shows a temperature p r o f i l e  computed f o r  t h e  l a t i t u d e  and 
t i m e  of y e a r  a t  which t h e  Mariner I V  o c c u l t a t i o n  experiment d u r i n g  immer- 
s i o n  was performed. Immersion occurred a t  5OoS l a t i t u d e  i n  l a t e  w i n t e r  
a t  a l o c a l  t i m e  of 1 P.M. when the  s o l a r  z e n i t h  a n g l e  was 67O. Our compu- 
t a t i o n s  were performed f o r  50's l a t i t u d e  and s o l a r  d e c l i n a t i o n  a n g l e  of 
+15O (cor responding  t o  t h e  day of t h e  o c c u l t a t i o n  measurement). 
p e r a t u r e  n e a r  t h e  s u r f a c e  derived from t h e  immersion o c c u l t a t i o n  e x p e r i -  
ment w a s  175% A 25'K ( K l i o r e  e t  a l ,  1965). 
t empera ture  of t h e  lower Martian atmosphere. I n  a d d i t i o n ,  i t  w a s  found 
t h a t  t h e r e  was no obvious change o f  s c a l e  h e i g h t  w i t h  a l t i t u d e  i n  t h e  
f i r s t  30 km. 
and a d e c r e a s e  of tempera ture  wi th  a l t i t u d e  t o  l e s s  than 120°K a t  p = 0 . 1  
mb (- 40 km). Our ave ra  e temperature ( p r e s s u r e  weighted)  f o r  t h e  f i r s t  
40 km would be about  150 K. Two f a c t o r s  would cause  t h e  computed t e m -  
p e r a t u r e s  t o  be less than t h e  a c t u a l  t empera tu res .  The p r e s e n t  compu- 
t a t i o n  r e p r e s e n t s  t h e  ave rage  d i u r n a l  tempera ture  f o r  t h e  day and loca -  
t i o n  of encounter.  One would expect t h e  ave rage  d i u r n a l  tempera ture  t o  
be l e s s  than t h e  1 P.M. temperature,  which should be  c l o s e  t o  t h e  maxi- 
mum d a i l y  temperature .  I n  a d d i t i o n ,  l a t i t u d i n a l  h e a t  t r a n s p o r t  i s  neg lec t ed  

The tem- 

Th i s  i s  presumably a n  ave rage  

Our c a l c u l a t i o n s  i n d i c a t e  a s u r f a c e  tempera ture  of 173% 

% 
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Figure 11. Comparison of computed latitudinal variation of Martian temper- 
ature at atmospheric level p/po=0.31 for Northern Hemisphere 
fall equinox with that of Leovy (1966). Solid line-present 
model; dashed line - Leovy (1966). 
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Figure  12. Comparison of computed l a t i t u d i n a l  v a r i a t i o n  of Martian temper- 
a t u r e  a t  atmospheric l e v e l  p/po=0.31 f o r  Northern Hemisphere 
w i n t e r  s o l s t i c e  wi th  t h a t  of Leovy (1966). So l id  l i n e  - presen t  
model; dashed l i n e  - Leovy (1966). 
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i n  t h e  model. A t  t h i s  l a t i t u d e  d u r i n g  winter ,  one would expect l a t i -  
t u d i n a l  h e a t  t r a n s p o r t  t o  i n c r e a s e  t h e  computed temperatures  somewhat. 
An a d d i t i o n  of 20°K t o  ou r  computed v a l u e s  would be a r easonab le  co r rec -  
t i o n  f o r  t h e s e  e f f e c t s  and wouid p l a c e  the computed temperature  i n  
e x c e l l e n t  agreement w i t h  temperature  de r ived  from t h e  immersion expe r i -  
ment. However, o u r  computed temperatures  do sugges t  t h a t  t h e  s c a l e  
h e i g h t  would v a r y  by about  30 percent  from t h e  s u r f a c e  t o  about 40 km, 
which i s  n o t  i n  agreement w i t h  the immersion o b s e r v a t i o n s .  

F igu re  1 4  shows a computed temperature  p r o f i l e  f o r  t h e  l a t i t u d e  and 
s o l a r  d e c l i n a t i o n  on t h e  day of emmersion, which occur red  a t  60°N a t  
n i g h t  du r ing  l a t e  summer. According t o  K l i o r e  e t  a 1  (1966) t h e  temper- 
a t u r e  a t  emmersion was 220°K and accord ing  t o  F je ldbo  e t  a 1  (1966) the 
appa ren t  l a p s e  r a t e  was g r e a t e r  a t  emmersion than  on immersion. O u r  
c a l c u l a t i o n s  i n d i c a t e  a s u r f a c e  temperature  o f  222 K and a dec rease  o f  
t empera tu re  w i t h  a l t i t u d e  t o  l e s s  t h a n  135'K a t  1.0 mb. Our average 
t empera tu re  f o r  t h e  f i r s t  40 km would be about  180°K. S ince  a t  t h e  l o c a l  
t i m e ,  season,  and l a t i t u d e  o f  e m e r s i o n ,  bo th  d i u r n a l  e f f e c t s  and l a t i -  
t u d i n a l  h e a t  t r a n s p o r t  processes  would tend t o  d e c r e a s e  o u r  computed 
t empera tu res ,  i t  must be concluded t h a t  t h e  computed temperatures  f o r  
emmersion a r e  no t  i n  good agreement w i t h  t h e  observed temperature  on 
emmersion. Our r e s u l t s  f o r  emmersion do i n d i c a t e  a g r e a t e r  l a p s e  r a t e  
i n  t h e  f i r s t  30 Ian, i n  agreement w i t h  t h e  o b s e r v a t i o n s .  

0 

Whether t h e  thermal  e q u i l i b r i u m  t empera tu re  p ro f ' i l e  i s  a good e s t i -  
mate of t h e  a c t u a l  d a i l y  average t empera tu re  p r o f i l e  f o r  a p a r t i c u l a r  
t i m e  of y e a r  may be ques t ioned  on t h e  grounds t h a t  a c e r t a i n  amount of 
t i m e  i s  necessa ry  f o r  an i n i t i a l  t empera tu re  p r o f i l e  t o  become a thermal  
e q u i l i b r i u m  temperature  p r o f i l e .  It w i l l  be  r e c a l l e d  t h a t ,  i n  computing 
the thermal e q u i l i b r i u m  temperature ,  a n  i n i t i a l  temperature  p r o f i l e  
beg ins  t h e  i t e r a t i v e  process  of t h e  computat ional  model and, a f t e r  a 
c e r t a i n  number of i t e r a t i o n s ,  the f i n a l  temperature  p r o f i l e  i s  approached. 
Thus, t h e  e q u i l i b r i u m  temperature p r o f i l e  i s  t h e  s t e a d y  s t a t e  s o l u t i o n  
t o  the  convec t ive  and r a d i a t i v e  equa t ions  governing the  temperatures  i n  
t h e  Mart ian atmosphere, which i s  approached a s y m p t o t i c a l l y  through t h e  
i t e r a t i v e  c y c l e s  of the computat ional  model. 
a l l  t h e  a tmospheric  parameters ( i . e .  s u r f a c e  p r e s s u r e ,  C02 mass mixing 
r a t i o ,  s o l a r  i n s o l a t i o n ,  e t c . )  remain c o n s t a n t  du r ing  the  t ime r e q u i r e d  
t o  r each  equ i l ib r ium.  
t h a t  d e f i n i t e l y  changes wi th  t i m e  i s  t h e  average s o l a r  i n s o l a t i o n .  I n  
o u r  computat ions,  i t  was i m p l i c i t l y  assumed, however, t h a t  t h i s  change 
was n e g l i g i b l y  sma l l  d u r i n g  t h e  t ime necessa ry  f o r  a g iven  i n i t i a l  temp- 
e r a t u r e  p r o f i l e  t o  approach a s y m p t o t i c a l l y  t h e  s t e a d y  s t a t e ,  thermal  
e q u i l i b r i u m  t empera tu re  p r o f i l e .  
s t u d i e d  i n  t h e  fo l lowing  manner. 

I n  t h e  computat ional  model 

I n  t h e  a c t u a l  c a s e ,  t h e  one atmospheric  parameter  

The v a l i d i t y  of t h i s  assumption was 

S t a r t i n g  w i t h  a thermal  e q u i l i b r i u m  p r o f i l e  f o r  a p a r t i c u l a r  l a t i t u d e  
and t i m e  of y e a r ,  we computed temperature  p r o f i l e s  a t  s u c c e s s i v e  10-day 
t i m e  s teps  f o r  an  annual c y c l e  using t h e  b a s i c  computat ional  model t o  
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14. Computed tempera ture  p r o f i l e  of t h e  Mar t ian  atmosphere f o r  t h e .  
da t e  of t h e  Mariner I V  e m e r s i o n  o c c u l t a t i o n  experiment (60°N, 
s o l a r  d e c l i n a t i o n  +150, l a t e  Nor thern  Hemisphere surmner). 
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determine t h e  change i n  temperature  d u r i n g  a s i n g l e  t i m e  s t e p  o f  10 
days.  From one t i m e  s t e p  t o  the  n e x t  t h e  average s o l a r  i n s o l a t i o n  
changes such t h a t  du r ing  t h e  -r-th t i m e  s t e p ,  t h e  ave rage  s o l a r  i n s o l a -  
t i o n  i s  g i v e n  by 

- s ( 7 )  = % [ S0(T)  + S0(T-l)  1 
0 

where S , ( T )  and So(z- l )  a r e  t h e  average s o l a r  i n s o l a t i o n s  a t  t h e  end 
and beginning of t h e  10-day period of the z - t h  t ime s t e p .  The temper- 
a t u r e s  computed i n  t h i s  manner can then  be checked a g a i n s t  t h e  thermal  
e q u i l i b r i u m  temperatures .  

0 Computations were performed f o r  Mar t i an  l a t i t u d e s  0 and 80°N. The 
i n i t i a l  temperature  p r o f i l e s  were t h e  thermal  e q u i l i b r i u m  temperature  
p r o f i l e s  f o r  t h e  Northern Hemisphere s p r i n g  equinox and f o r  a d a t e  45  
days b e f o r e  t h e  Northern Hemisphere s p r i n g  equinox, r e s p e c t i v e l y .  
F i g u r e s  15 and 16 a r e  graphs o f  the d a i l y  average s u r f a c e  t empera tu re  
a s  a f u n c t i o n  o f  t i m e  f o r  0' and 80°N r e s p e c t i v e l y .  
F i g u r e s  15 and 16 a r e  t h e  r e s p e c t i v e  thermal  e q u i l i b r i u m  s u r f a c e  temp- 
e r a t u r e s  f o r  t h e  f i r s t  day of the f o u r  Mar t i an  seasons .  (Only 3 seasons 
appea r  i n  F i g u r e  16, a s  t h e  Northern Hemisphere w i n t e r  s o l s t i c e  occur s  
du r ing  t h e  p o l a r  n i g h t . )  

Included i n  

A s  can be seen ,  t h e  thermal e q u i l i b r i u m  s u r f a c e  temperatures  a r e  
i n  e x c e l l e n t  agreement w i t h  t h e  " t i m e  dependent" s u r f a c e  temperatures  
excep t  a t  80°N dur ing  t h e  s p r i n g  and autumnal equinoxes,  when a maximum 
tempera tu re  d i f f e r e n c e  of about 25OK occurs .  The re fo re ,  t h e  computed 
e q u i l i b r i u m  temperature  p r o f i l e s  should g i v e  r easonab le  e s t i m a t e s  o f  
t h e  seasona l  v a r i a t i o n s  o f  Martian t empera tu res .  

1.8 Concluding Remarks 

Mar t i an  pole- to-pole  temperature  c r o s s - s e c t i o n s  from t h e  s u r f a c e  
t o  about  40 km a l t i t u d e  f o r  each season  have been computed w i t h  a 
thermal  e q u i l i b r i u m  model. The computed average temperatures  should be 
c l o s e s t  t o  t h e  a c t u a l  average temperatures  a t  middle  l a t i t u d e s  du r ing  th2  
equinoxes and a t  low l a t i t u d e s  du r ing  t h e  s o l s t i c e s .  Because t h e  model 
does n o t  a l l o w  f o r  l a t i t u d i n a l  t r a n s p o r t  o f  h e a t  energy by t h e  atmos- 
p h e r i c  c i r c u l a t i o n  and t h e  p o s s i b l e  condensa t ion  o f  carbon d i o x i d e ,  t h e  
computed temperatures  a r e  too  low a t  p o l a r  l a t i t u d e s  du r ing  t h e  equi- 
noxes and w i n t e r  and probably too h i g h  a t  e q u a t o r i a l  l a t i t u d e s  du r ing  
t h e  equinoxes and a t  p o l a r  l a t i t u d e s  du r ing  summer. The major f e a t u r e s  
of  t h e  computed temperature  c r o s s - s e c t i o n s  a r e :  

(1) The extremely sma l l  l a t i t u d i n a l  t empera tu re  g r a d i e n t s  i n  t h e  
summer hemisphere,  w i th  t h e  maximum tempera tu re  o c c u r r i n g  a t  the pole .  
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Figure 15. Martian surface temperature as a function of time at equator. 
S o l i d  line: time dependent case starting with initial thermal 
equilibrium condition at Northern Hemisphere spring equinox. 
X: computed on basis of thermal equilibrium. 
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F i g u r e  16. Mar t ian  s u r f a c e  tempera ture  a s  a f u n c t i o n  of  t i m e  a t  80°N. 
S o l i d  l i n e :  t i m e  dependent c a s e  s t a r t i n g  w i t h  i n i t i a l  thermal  
e q u i l i b r i u m  cond i t ion  a t  45 days p r i o r  t o  s p r i n g  equinox. 
X: computed on t h e  basis o f  thermal  equ i l ib r ium.  
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(2) The dec rease  of t ropopause a l t i t u d e  wi th  l a t i t u d e  from a 
maximum a t  t h e  equa to r  d u r i n g  t h e  e q u i n o c t i a l  s easons  and a t  t h e  summer 
po le  du r ing  the s o l s t i c e s .  

(3 )  The r e l a t i v e l y  i s o t h e r m a l  v e r t i c a l  s t r u c t u r e  a t  h i g h  l a t i t u d e s  
d u r i n g  the equinoxes and w i n t e r .  

Comparisons of t h e  p r e s e n t  r e s u l t s  w i t h  o t h e r  t h e o r e t i c a l  s t u d i e s  
and w i t h  t h e  microwave and Mariner  I V  o b s e r v a t i o n s  o f  Mar t i an  tempera- 
t u r e s  y i e l d  g e n e r a l l y  good agreement. F u r t h e r  t h e o r e t i c a l  s t u d i e s  o f  
temperatures  of t h e  s u r f a c e  and lower atmosphere o f  Mars should i n c l u d e  
t h e  e f f e c t s  of l a t i t u d i n a l  h e a t  t r a n s p o r t ,  r e l e a s e  o f  l a t e n t  h e a t  o f  
condensa t ion ,  conduct ive h e a t  exchange between s u r f a c e  and sub- su r face ,  
a tmospheric  water vapor r a d i a t i v e  t r a n s f e r ,  and a n a l y s e s  o f  t h e  d i u r n a l  
temperature  wave. 
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2,  THE GENERAL CIRCULATION OF THE MARTIAN ATMOSPHERE 
Wen Tang 

2.1 SEASONAL VARIATIONS OF THE MEAN ZONAL WIND VELOCITY AND TEMPERATURE OF THE 
MARTIAN ATMOSPHERE 

I -  

2.1.1 Introduction. k r e  than one and half decades ago, the general cir- 
culation of the Martian atmosphere was essentially inferred from telescopic 
observations of the movement of yellow clouds and radiometric observations of  the 
surface temperature (Hess and Panofsky, 1951). In 1961, Mintz applied dynamic 
stability theory to the Martian atmosphere to determine the type of general cir- 
culation on the planet - symmetric or wave type. 

Recently, Tang (1966) used the new data on atmospheric composition and sur- 
face pressure (Kliore, 1966) and a general circulation model for steady state 
and symmetrical regime to study the mean zonal and meridional winds in the 
northern hemisphere and the stability of the symmetrical regime in the Martian 
atmosphere during the equinoctial seasons. The purpose of the present work is 
to study the seasonal mean zonal winds and temperatures at the middle of the 
Martian atmosphere with the use of a simple dynamic model. 

2.1.2 General Theory. Based upon the principle of conservation of energy, 
Adem (1962) developed a simple model of the general circulation for the Earth's 
atmosphere. His model yields mean monthly meridional profiles of zonal wind and 
temperature that agree well with observed mean profiles. We can apply this model 
to Mars. 

l -  

We shall outline the concept involved in this model. For the details of 

If the constituents of the atmosphere and the temperature are known, 
the theory and the basic mathematical developments we refer the reader to Adem 
(1962). 
the energy emitted from an atmospheric layer can be calculated. From the balance 
of radiational energy, one can evaluate the excess of radiational energy at an 
atmospheric level and at the surface, if the atmospheric and surface temperatures, 
insolation, and albedo are known. Conversely, the atmospheric and surface tem- 
peratures can be computed if the excesses of both atmospheric and surface 
radiation energy are known. Two equations with four unknows arise from writing 
down the radiation budget equations for the surface and atmosphere. Two more 
equations are needed to determine these quantities uniquely. One of these two 
is the energy equation, which essentially indicates that the rate of change of 
thermal energy due to meridional turbulent transport is equal to the rate of 
change of thermal energy due to radiation plus the rate of change of conduction 
of sensible heat and the molecular transformation. The fourth equation may be 
considered as an empirical equation which is used to evaluate some unknown with 
observational data. With these four equations the meridional profiles of the 
temperature for different seasons can be determined. By using the geostrophic 
wind equation, the meridional profile of mean zonal wind can be obtained from 
the computed meridional temperature profile. 
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The final governing equation for the latitudinal variation of atmospheric 
temperature is (Adem, 1962) 

J - C E  4 3  C 
+ 1 0 

7 C 
- - - - -  -I,-- - 

2 -  - d’ + cc TL 
dcp2 3 m U c K  7 c K  7 C K  7 

(55) 
c 

where 
- 
TI = the deviation of mean atmospheric temperature at latitude cp from the 

mean atmospheric temperature at a given latitude for a given season. m 

cp = Latitude 

Id = The insolation during one day 

J = The rate of change of the conduction of sensible heat and the mole- 
cular transformat ion function. 

- 
Eg 

= The excess mean radiational energy at the surface of Mars 

(L - AC ,)/ c 7 X  
- 
K = Eddy viscosity 

r = Radius of Mars 
0 

Yr 
A1 = c V 1 2  (Po z=o - Po) 

A = 2H 0 /@To-@Ho) 

= Pressure 
PO 

c = Specific heat at constant volume 
V 

g = Gravitational acceleration of Mars 

Ho = Height of the top of the absorbing gases 

To = The temperature at height H 
0 

B = The mean lapse rate 

and 

c cl, c3, and c = coefficients of the following equation 
0 )  4 
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( l - A )  Tk = 'o+'ld I + c  3 A  E +c& 

The quantity E 
atmosphere. 
the equator and poles are zero, that is, 

is the excess of the mean radiational energy of the Martian 
&e boundary conditions are that the temperature gradiems bcth at 

r[ at rp = 0 and - 
2 (57) 

The solution to the differential Equation (55) and boundary conditions in 
Equation (57) is 

'6'1 J 

The quantity J is an unknown quantity. 
Equation (58) to a latitude for which we have a good estimate of the atmospheric 
temperature from observational or other theoretical results. 

It can be evaluated by applying 

The wind field is determined from simple geostrophic wind relations. If 
the latitudinal temperature deviation is known, then the mean zonal and meridional 
wind velocity can be simply written as 

and 

respectively, where f =Coriolis parameter for Mars and R = gas constant for 
Martian atmosphere. 

41 



The solution of Equation (55) is valid in a region bounded by the equator 
and one of the poles, and is a function of the parameter J. In order to eliminate 
J and to obtain the meridional distribution of mean atmospheric temperatures, 
T(cp), for one hemisphere, it is necessary to know a mean atmospheric temperature, 
T(cp1), at a given latitude, 'p1. And, to obtain the meridional distribution of 
mean atmospheric temperatures for both hemispheres it is necessary to know mean 
atmospheric temperatures for two latitudes, T ~ ( ' p 1 )  and Ts ('p2), the former tem- 
perature somewhere in the Northern Hemisphere (0 5 cp 5 K/2), and the latter 
temperature somewhere in the Southern Hemisphere (-n)2 5 'p2 < 0). 
inherent difficulties in the computational model, however, is that the mean 
atmospheric temperature and wind profiles are computed separately for each hemi- 
shere, and in general the mean temperature will be discontinuous at the equator, 
unless the input mean temperatures, TN and Ts, alte specified at the equator. 
The cause of this discontinuity is the lack of observational data necessary for 
accurate estimates of T, and Ts. 

- 
- 

- 

One of the 

- 

In the present computations the input mean atmospheric temperatures, TN 
and Ts, were obtained from theoretical computations (House, 1966) based on 
radiative processes alone. 
35's are considered representative of the actual Martian atmospheric temperatures 
at these latitudes, a s  the effect of meridional transport are considered to be a 
minimum at these latitudes. Therefore, in the present computations, rather than 
using the equatorial temperatures of the theoretical computations of House (1966) 
as the input temperatures for both hemispheres such that temperature discontinuities 
at the equator could have been avoided, the input temperatures, TN and Ts, were 
the theoretical temperatures at 35'N and 35's respectively. 
continuities in the mean atmospheric temperature at the equator occurred. A 
maximum temperature discontinuity of about 25'K occurred in the temperature pro- 
file for the Northern Hemisphere winter solstice. The temperature discontinuities 
were eliminated by performing a second set of computations where the input tem- 
peratures for both hemispheres were specified at the equator and equal to the mid- 
point of the temperature discontinuity. 

House's mean atmospheric temperatures at 3 5 O N  and 

- 
A s  expected, dis- 

2.1.3 Results and Discussion. Meridional profiles of the mean zonal wind 
and mean atmospheric temperature during the summer and winter solstices and 
spring and fall equinoxes were constructed. The meteorological parameters used 
in these computations are as follows: 

Surface pressure = 5 mb 

Atmospheric lapse rate = 3.75'K km- 

Percentage of solar radiation absorbed by the surface = 70 percent 

Percentage of solar radiation absorbed by the atmosphere = 0 percent 

Level at which the absorbing gas is 1/10 of that at the surface = 21 km 

Gas constant = 1.87 x 10 cm sec deg 

1 

6 2 -2 -1 
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Figure 17. Latitudinal profile of mean atmospheric temperature for the 
four Martian seasons. 
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Figure  18. L a t i t u d i n a l  p r o f i l e  of mean zona l  wind f o r  the  four Mart ian  
seasons.  
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-2 g = Gravitational acceleration = 380 cm sec 

R = Angular velocity = 6.57 x 10 sec 

K = Eddy exehange cneffieient = 10 CE sec 

-5 -1 

10 2 - 1  

r = Radius of Mars = 3400 km 

c = Specific heat of constant volume = 0.158 cal gm deg 

0 

-1 -1 
V 

- 
The input temperatures, TN and Ts, at 35'N and 35's respectively, for the four 
seasons are as follows: 

Northern Hemisphere Northern Hemisphere Northern Hemisphere Northern Hemisphere 
Winter Spr inp Summer Fall 

- 
TN(OK) 160 180 190 188 

TS (OK) 20 5 180 145 184 
- 

The computed mean atmospheric temperature profiles for the four Martian 
seasons are shown in Figure 17. The extreme temperatures are found to occur in 
the Southern Hemisphere. 
and occurs at 80's during the Southern Hemisphere summer solstice. 
mean atmospheric temperature is about 108 K and occurs at the South Pole during 
the Sourthern Hemisphere winter solstice. It is interesting to note that the 
difference between the maximum and minimum mean atmospheric temperature, at the 
North Pole is smaller than the corresponding difference at the South Pole. This 
is a result of the planet's being closer to the sun during the Southern Hemisphere 
summer solstice. It is also interesting to note that the highest mean atmospheric 
temperature in the Northern Hemisphere occurs at the equator during the autumnal 
equinox. For both equinoctial seasons the mean atmospheric temperature profiles 
are symmetric about the equator. The temperature profiles of Figure 17 were com- 
pared to the mid-atmospheric temperatures o f  the thermal equilibrium model dis- 
cussed in the previous section (see Figures 4 through 7 ) .  In the region bounded 
by the latitudes 50°N and 50°S the corresponding temperatures differ by at most 
1O0K. In the regions about the North and South Poles, the present temperatures 
are higher than the thermal equilibrium temperatures for all seasons except the 
summer solstice. This is due mainly to the meridional transport of heat from 
the warmer equatorial regions to the polar regions, which is included in the 
present model. 

The highest mean atmospheric temperature is about 205'K 
The lowest 

0 

The temperatures computed from the Mariner IV occultation measurements by 
Kliore (1966) are about 220°K at 60°N latitude and about 175OK at 5OoS latitude. 
These measurements were made during the late Northern Hemisphere summer (declina- 
tion of sun = +15 degrees). The Mariner IV temperatures are much higher (about 
40°K) than the corresponding mid-atmospheric temperatures as interpolated for 
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this time of year from Figure 17. If the temperatures of Figure 17 are rea- 
sonable estimates of the actual mid-atmospheric temperatures of Mars, one can 
conclude that the Mariner IV temperatures are representative of the atmospheric 
temperatures in the vicinity of the Martian surface. 

The mean zonal wind profiles, based upon the geostrophic assumption, for 
the four Martian seasons are shown in Figure 18. The maximum mean zonal winds 
occur at latitudes 35'N and 35's during the Northern Hemisphere winter solstice, 
and are about 50 and 40 msec-I, respectively. During the Northern fall and 
spring equinoxes, the maximum mean zonal winds occur at about 65ON and 65's 
latitudes and are about 30 msec-I. During all seasons except summer the winds 
are westerly. In the summer seasons of both hemispheres, maximum easterlies of 
10 msec-l occur at 10°N and 10's; secondary maximums of 5 msec-1 occur at 70°N 
and 70's. 
2 msec-1. peak phenomenon in the latitudinal profile was also formed 
in previous work (Tang, 1966), although the model used was different. 

At middle latitudes the easterlies are relatively weak and about 
The double 

During winter the maximum westerlies occur further south and are stronger 
then in spring or fall. This is similar to the jet stream migration in the 
Earth's atmosphere. 
during the winter and during late spring and early fall. The mean wind at mid- 
dle latitudes for the equinoctial seasons is about 30 msec-l, which is slightly 
higher ( 5  msec'l) than we obtained previously for a symmetrical regime (Tang, 
1966). 
than in the symmeterical regime (Charney, 1959). The computed. wind velocity 
is larger than that of Earth as also found previously in Tang (1966). 

The wind profiles suggest that a wave regime may be present 

One expectsa higher mean wind at middle latitudes in the wave regime 

In summary, this fairly simple model yields quantitative results on the 
latitudinal and seasonal variations of mid-atmospheric temperature and zonal 
wind for Mars. 
some o f  the assumptions inherent in the model and some of the uncertainties in 
the input data for Mars. The first of these obstacles to reliability can be 
overcome with the use of an improved general circulation model - such as the 
numerical model discussed in the next section. 
can be overcome as new observational data and analytical studies become available. 

The reliability of the results is open to question because of 

The second obstacle to reliability 
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2.2 A NUMERICAL MODEL OF THE MARTIAN ATMOSPHERIC GENERAL CIRCULATION 

2.2.1 Introduction. As an extension to our previous study of the general 
circulation of the Martian atmosphere (Tang, 1966) and the recent work presented 
in the last section, a nonsteady, asymmetrical mode? is being developed. This 
model, a combination of the last two models, is a modification of Chen's circula- 
tion model which was originally developed for the Earth's atmosphere (Chen, 1965). 
It includes time variations, eddy transports, and some of the effects of the phys- 
ical characteristics of the Martian surface (e.g., surface albedo, thermal con- 
ductivity, etc.) on the atmospheric circulation. Our main goal is to determine 
the seasonal variations of the basic zonally averaged motion of the Martian at- 
mosphere and of the underlying surface temperature. The calculations of the 
surface temperature will be based upon the principle of conservation of energy 
among radiation, eddy conduction of the atmosphere and thermal conduction of 
the planetary surface. We shall also examine the influence of large-scale sur- 
face thermal conditions on the development of wave disturbances in the hemi- 
spheric flow patterns in the nonsteady case. 

vor 
fir 

2.2.2 Basic Model. The fundamental equations are the quasi-geostrophic 
ticity equation, the equation of state, the equation of continuity, and the 
st law of thermodynamics. By a zonally averaging process, we obtain two sets 

of the above equations. One set consists of the zonally-averaged equations for 
the mean flow; the other set consists of the finite amplitude perturbation equa- 
tions for the disturbed flow. Both sets of equations are nonsteady and non- 
linear. In the thermodynamic equation we consider not only the radiational pro- 
cesses but also the turbulent heat exchange processes in the atmosphere and heat 
conduction of 
tions for the 
are : 

aiil 
at 
- -  

XI3 - -  
at 

- 
2 f -  
w 

O p2 

the underlying planetary surface. The set of zonal averaged equa- 
mean flow and the set of finite amplitude perturbation equations 

- a2Ul - -  a m) + a - - ki(u -u ) 
f v  =-&-(I1 1 3  3Y2 0 1  

a%, - -  a -  + ki(ul-u3) (60) 
- 

fov3 = - ay (u;~;) + a - - k 
3Y2 
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w /  2 - + V I  - + f  - -  2 a+; - &73 ) v -  a t  + u3 ax + v$ (-+p (ay 
3 a Y  O p2 

+ U $ L  

R 

O P  
dx c l ~  c l ~  
d t '  d t '  d t '  where u ,  v ,  w = -  

( = t h e  r e l a t i v e  v o r t i c i t y ,  

f o  = t h e  mean C o r i o l i s  parameter ,  
,-I 

p = dynamic c o e f f i c i e n t  of  eddy v-scos t y  i n  t h e  v e r t i c a l  c - r e c t i o n ,  

a = t h e  c o e f f i c i e n t  of k inemat ic  eddy v i s c o s i t y  i n  t h e  l a t e r a l  
d i r  e c  t i  on , 
@ - a  1 3  a2 =- , 

p2 = p r e s s u r e  a t  middle of atmosphere,  

? = Laplac ian  o p e r a t o r ,  

p2 

k = a p r o p o r t i o n a l  c o n s t a n t  f o r  t h e  f r i c t i o n a l  s t ress  nea r  s u r f a c e ,  

g = a c c e l e r a t i o n  of g r a v i t y ,  

0 = g e o p o t e n t i a l ,  

t = t ime, 
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n 

8 = potential temperature, 

q = @/fo = geostrophic stream function, 

R = gas constant for Martian atmosphere, 

c = specific heat at constant pressure for Martian atmosphere, 

Qr, Qt = rate of heating per unit mass due to radiation and turbulence, 
P 

respectively , 

( ) = zonal averaged quantity 

( )' = perturbed quantity, 

and the subscripts 0, 1, 2, 3 ,  and 4 represent the pressure levels at p = 0, 

1 1 3 - ps, y ps, ps and p,, and p is the atmospheric pressure at surface of Mars. 
S 

The various heat exchange processes are modeled as follows. The radiative 
heating or cooling of the atmosphere per unit mass consists of three major parts: 
the absorption of solar radiation; the absorption of surface emitted long wave 
radiation; and the upward and downward emission of long wave radiation. The 
solar radiation is a function of time and latitude. Long wave radiation is a 
function of the surface temperature and the mean temperature of an entire at- 
mospheric column, both of which vary with time, latitude, and longitude. The 
turbulent heat exchange process includes both horizontal and vertical exchanges. 
A simple austauch hypothesis is used in this model. 
from the planetary surface is a function of atmospheric and surface temperature. 
Since both the radiative and turbulent heat exchange processes between surface 
and atmosphere depend upon the surface temperature, it is important to include 
the effects of a nonuniform Martian surface on the surface temperature. For 
example, the polar caps, bright areas, and dark areas are evidently composed of 
different materials with different thermal properties. Therefore, in the equa- 
tion of thermal conduction of the Martian surface, which is used to obtain the 
surface temperature, the thermal conductivity and diffusivity (Carslaw and 
Jaeger, 1959) are expressed as functions of Martian longitude and latitude, 
using Sinton and Strong's (1960) values for dark and bright areas and Geiger's 
(1965) values for ice. We have written expressions for thermal conductivity 
and diffusivity as two different truncated Fourier series in horizontal co- 
ordinates for the planet Mars, according to the dark and bright area distribu- 
tion, as 

The eddy transport of heat 
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6 
n 2n cos  y + + 1 cos m - x + s i n  m - 2% 

L L 
m = l  

6 

51 1 '* x s i n  w y + s i n  m - 2n 
+ 1 

m = l  

cos  m - x + (A*/) 
L m 4  L J  

6 
2n 3n + T cos  m - x + (~*l>m6 s i n  m - 2n .] c o s  y ,  L L L 

m= 1 

b*(x,y) = b" + b"' = b* + 
00 00 

n 2n X I  c o s  y + (b*')rnl cos  m - x + (b'k')m2 s i n  m - 2n 
L 

m = l  

6 
n 1 25r 2n 

L L 

vr + ) 1 (b*')rn3 cos  m - x + (b*')m4 s i n  m - x i  s i n  y + 
L 

m= 1 

6 
2n 3n XI cos - I (b  )m5 cos  m - x + (b*')m6 s i n  m +IC*' L L J  2w y =  

m = l  

0 where L = t h e  l eng th  of the  l a t i t u d e  c i r c l e  a t  45 N o r  S ,  

2W = t h e  l eng th  of one-half  of t h e  mer id i an  (y = W a t  p o l e  and y = W a t  
e q u a t o r ) .  

The c o e f f i c i e n t s  of t h e  set  of F o u r i e r  s e r i e s  f o r  r e p r e s e n t i n g  t h e s e  t h e r -  
mal pa rame te r s  a r e  ready  t o  be determined by s o l v i n g  two 36 x 36 m a t r i c e s .  
S i m i l a r l y ,  t h e  Four i e r  s e r i e s  f o r  Mar t ian  s u r f a c e  a lbedo  a r e  a l s o  ready  t o  be 
determined. So lu t ions  of t h e s e  m a t r i c e s  w i l l  be obta ined  w i t h  t h e  use of an 
IBM 7094. 

The t o t a l  h e a t i n g  r a t e  p e r  u n i t  mass of atmosphere a t  d i f f e r e n t  p o s i t i o n s  
on Mars has  been w r i t t e n  i n  an a n a l y t i c a l  form. Values of t h e  i n s o l a t i o n  and 
l a t i t u d i n a l  d e r i v a t i v e  of t h e  i n s o l a t i o n  a s  a f u n c t i o n  of time of y e a r ,  a t  s i x  
hour i n t e r v a l s ,  smoothing ou t  d i u r n a l  v a r i a t i o n s ,  a r e  be ing  obta ined .  
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Since the surface temperature is important for the nonadiabatic heating of 
the atmosphere, we must solve the heat conduction equation and mean zonal motion 
equation simultaneously. As a first step in the solution of the problem, we are 
going to obtain the mean zonal surface temperature and mean zonal motion as a 
function of time for a period of a Martian year without considering eddy momen- 
tum transport, 

To keep the model consistent, the solutions of all perturbation (finite 
amplitude) quantities are expressed in the form of double Fourier series. For 
example, the perturbed motion may be written as 

m=l 

h 

(64) 
n 2' x] sin w y + + ) i(bi)m3 cos m -  x + (qi)m4 sin m - L L L 

F r  2n 

m=l 

6 
cos m - 25r x + (+{Im6 sin m 2 x] cos 2w 3n y, 

L L 
m = l  

where subscripts 1 represents level 1, L is the length of the latitude circle at 
45%, and (qi) 1, etc. are the Fourier coefficients which are the functions of 
the time t. TEe coefficients of these Fourier series are to be obtained by an 
electronic computer. 

2.2.3 The Working Equations. 

2.2.3.1 The Working Equations For the Mean Surface Temperature. The basic 
finite difference equation for the time differential of the Martian surface 
temperature can be simply written as 

where b* = the temperature-conduction coefficient of the Martian surface 

At = the time interval used in the computation 

T* = the surface temperature 

z = the vertical distance from surface 
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and t h e  s u p e r s c r i p t s  r e p r e s e n t  t h e  t i m e  a s  i n d i c a t e d .  
i n i t i a l  i n p u t  for  each  t i m e  s t e p  and i s  ob ta ined  from t h e  p r i o r  s t e p .  

The q u a n t i t y  !l?t i s  t h e  

The boundary c o n d i t i o n  a t  t h e  s u r f a c e  of Mars i s  t h e  energy  ba lance  equa- 
t i o n ,  which simply s t a t e s  t h a t  t h e  t o t a l  energy  i s  a ba l ance  among t h e  s h o r t  
and long wave r a d i a t i o n s  a r r i v i n g  a t  t h e  s u r f a c e ,  t h e  long wave r a d i a t i o n  
emi t t ed  by t h e  Martian s u r f a c e ,  and t h e  h e a t  f l u x e s  conducted t o  t h e  atmosphere 
through an eddy t r a n s p o r t  p r o c e s s  and t o  t h e  s o i l  th rough molecular  conduct ion .  
The boundary cond i t ions  can  be w r i t t e n  a s  

t+At I.* + $ T* + oT"~ 1"' = [e T2 + S4 + aT2 4 - F(T2)] 
J 

a t  z = 0, 

and 

a t  z = -03 

where X = t h e  eddy h e a t  t r a n s f e r  c o e f f i c i e n t  of t h e  Mar t ian  atmosphere 
I 

A* = t h e  molecular h e a t  conduct ion  c o e f f i c i e n t  of t h e  Mar t ian  s u r f a c e  

cr = t h e  Stefan-Boltzmann c o n s t a n t  

H = t h e  t h i c k n e s s  between l e v e l  2 and l e v e l  4 ( l e v e l  4 corresponds  t o  
t h e  s u r f a c e  l e v e l  and l e v e l  2 i s  t h e  c o n s t a n t  p r e s s u r e  l e v e l  a t  
which the  p r e s s u r e  i s  one-half  of t h e  s u r f a c e  p r e s s u r e )  

T2 = t h e  tempera ture  a t  l e v e l  2 = fo ($, - q3) 
RO 

(I) " (I ) = stream f u n c t i o n s  a t  l e v e l  1 and 3 r e s p e c t i v e l y  ( l e v e l  1 i s  t h e  con- 
s t a n t  p r e s s u r e  l e v e l  a t  which t h e  p r e s s u r e  i s  one - fou r th  of t h e  
s u r f a c e  p r e s s u r e  and l e v e l  3 i s  t h e  c o n s t a n t  p r e s s u r e  l e v e l  a t  
which t h e  p r e s s u r e  i s  t h r e e - f o u r t h s  of t h e  s u r f a c e  p r e s s u r e )  

, 
I T* = t h e  tempera ture  a t  l e v e l  4 

S4 = t h e  s o l a r  r a d i a t i o n  r each ing  t h e  s u r f a c e  of Mars. 
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. 
3T2 6T3 6T4)f4 

+4 +- 2) 

c; R 2  c3 a c2 -h3 
+ r c exp (- (+ + - 2 2 

L 1  

2 -1 where R1 = 0, R 2  = 13p, R3 = 17p, and R4 - 
and c = 1.4388 cm deg. 

= 3.7413 x erg cm sec - *; c1 
2 

For practical purposes, the flux of long wave radiation from the atmosphere, 
E, may be assumed as 

E = oT4 

where E is the emissivity of the Martian atmosphere and is approximately equal 
to 0.16 on the average (House, 1966). If the following relation is valid (Adem, 
1962) 

a 

(68) 
4 E = aT - F(T) 

then the corresponding F may be written 

(69) 
4 F = (l-ca) oT4 = 0.84 dl: 

In the actual computation, we shall use this approximation rather than (67). 

The final solution for surface temperature, T*, satisfying the difference 
equation and the boundary conditions as specified above, is 

db* At 
00 + ' *  

loo + ($ + 4 P 3 )  Jb,,.. ' 2  
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where 

- 1""' \ f  - 
L = [(; - + + 43;) g (Jrl - q3) + s4, 

T2 c 

* ,b* ) = the mean values of the heat conduction and temperature-conduction 
coefficients of the surface respectively, @oo 00 

and the bars over T, L, $, and S represent the mean zonal values. 

Since L is a function of $1 and $3, we must solve for T* simultaneously 
with the mean zonal motion by a finite time interval step-by-step process for 
about 1-1/2 Martian years. Based upon previous experience, a time interval of 
6 hours would be appropriate for the grid size adopted in this model; an inte- 
gration will need about 4000 time steps. 

2.2.3.2 The Working Equations For Mean Zonal Wind Velocities. The basic 
zonal wind velocities for different meridional grid points at levels 1 and 3 
can be obtained by solving the following six simultaneous equations. These 
equations will be used as working equations in the numerical computations. 
are listed below. 

They 

= R  u + O + R  3 u 3+1 R2 '3+0 - a -  a -  
at ~ 1 + 1 +  at u3+1 1 1+1 + ~2 4+0 

a - -  
aY 3 3+1 ' - - (Ui VI + u/ VI) 

" = R  u - 
at u1+o + % u3+0 2 1+1 + R1 + ~2 ~ - 1  + ~2 '3+1 + R3 u3+0 + R2 '3-1 

a - -  - &- (ui vi + u/ VI) 3 3 - 1  ' (74) 
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a -  a -  a -  a -  - - -  - R~ at u1+1 + at ~ + o  + R~ at '3+1 a t  '3+0 = ~4 u1+1 + ~5 ;l+o + ~7 '3+1 

- 
- R u  - - -  

ay3 R8 '3+0 2 3-1 

a -  - -  a -  
U 

a -  - -  - a -  a -  a -  
at Y+i - Ro at u i + ~  + at ~ - 1  a t  + Ro at 3+0 at u3-1 

- 
= R  5 u 1+1 + R6 'l+O + R5 '1-1 + R8 '3+1 + R9 %+O + R8 '3-1 

W2 w2 33 - - - - -  ( u i  v i  - u' V I )  - - 
3 3 + 0  4 

a Y  
4 

- w2 a3 - - - - -  ( u i  v i  - u /  v') - R2 '3+1 R8 u3+0 + R7 '3-1 4 +3 3 3 - 1  

55 



where Ro = 2 [ 1 1 2 2 )  1 + - A W 
\ 4 / 

k a R 1 = - -  8 -  , 
2 w  

4a R2 = - 
w2 

3 a 
2 

- - k - 8 -  
w2 

R3 - - 

2 2  
R4 = 20 3 a + k + 4ah - - - a [g; - F(T2)] -!- + 4ki , 

W 4 cp 2P2 a Y  aT2 

. 

a k  
2 2  

R = 16 - - - - 2ah2 - 2ki , 
W 5 

a 2 W h & a  2 2  - [z: - F(T2) - 1  I + 4ki , 
R6 = 2 4 2 + k + 4 a h  + - -  

W 4 cp 2P2 3 Y  J 37, 

1 1  2 2  
- 20 2 - 3k - 4ah - -- a 

W 
[s; - F G 2 ) ,  -=- - 4ki , 

4 cp 2P2 a Y  L J aT2 
R7 - - 

a 3  2 R8 = 16 - + - k + 2ah + 2ki , 2 W2 

- 
1 2 2  - FG2)1-=-- 4 k i ,  - 2 4 ? -  a 3 k -  4ah - - -  

W P - % 
Rg - - 

2 2  
=whX 

R 1 O  4 cp fop2 ’ 

and u = q u a n t i t y  u a t  l e v e l  1 on t h e  p o i n t s  y = W ,  

-2w, 0, y w ,  and w r e s p e c t i v e l y  
1+2 U U U 1-2’ 1-1’ 1+0’ 1+1’ U 

a = r ad ius  of Mars, 

56 



W = one half of the distance between pole and equator, 

c = specific heat of Martian atmosphere at constant pressure, 

fo = Coriolis parameter, 
P 

p2 = atmospheric pressure at level 2 ,  

g = gravitational acceleration, 

R = gas constant 

k = a proportional constant for frictional stress in vertical direction, 

k. = internal friction, 
1 

f2 
x-' A2 = 0 

R T ~  e1-e3 

8 0 8 = potential temperature at levels 1, 2, and 3, respectively. 1' 2' 3 

2.2.3.3 The Working Equation For the Finite Amplitude Perturbed Motion. 
Substituting the perturbation of heating per unit mass into Equation (62)' 
eliminatingctri, using the Fourier series and keeping all the nonlinear terms 
yeilds the following working equations of atmospheric disturbance. 

- M4(q;)mn+l + M1l(TE=O)mn+l M6XEo (51 z=O) mn+l Nmn+l ' (79) 
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where 

4x2 + A2 ] , 2 
M = - ! -  (m + 2 j  > -  

i L2 1 

2 2 4 x 2  / 

L2 2 
M2 = ( m  + 2 j  ) - (a M1 - ki) - 4 [ 48% T$ - F (7 + ??, + T2)  + 

58 

? 2 
M4 = (m 2 + 2 j 2 )  4J( (aA2 + ki) + 4 - F ( T 2  + ?., + T2)  + 

L2 

2 

2P2 cp T; 
+ F (T, + T2) 

2rrA u 2 

L 
1+0 M = m  5 

A 2 ~ g  M =  6 2 p f c  
2 O P  

2 5 = M 4  + (m 2 + 2 j  2 ) - 4n (5  + ki) L2 
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3+0 2r(h u 
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2 - 4 

W 
- 2C + u ) + A (Elw - u3+,) ] , 3+C 3-1 - B + 2 (c3+i 

j=l when n=l , j=2 when n=3, and j=3 when n=5. 
the quadrati2 terms of the vorticity advection and the temperature advection at 
level 1 and Nmn are the terms derived from the quadratic terms of the vorticity 
advection and the temperature advection at level 3. 

Nmn are the terms derived from 

It is planned to integrate these equations numerically using the Runge-Kutta 
method. A s  a first approximation, we assume that the non-linear terms in Equa- 
tions (72) to (77) can be neglected. Then these six equations for the mean zonal 
winds will be solved simulataneously with the solution for the mean surface 
temp era t ur e. 

During the next year, the equations for the mean zonal velocities and the 
mean zonal temperatures will be programmed. Once the mean zonal velocities and 
temperatures are obtained, they can be used as input to the perturbation equa- 
tions, solutions of which will provide information on the longitudinal variations 
of  the circulation and temperature field. The perturbation equations for this 
problem will be also completed during the next year. 
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APPENDIX 

ACCURACY OF LORENTZ LINE SHAPE 

A t  h i g h  a t i t u d e s  (low p res su res )  t h e  shape of abso rp t - Jn  l i n e s  
changes from a Lorentz  shape, which i s  assumed i n  o u r  c a l c u l a t i o n s  of 
Mar t ian  tempera tures ,  through a mixed shape t o t h e  Doppler shape. The 
h e i g h t  i n  t h e  Mar t ian  atmosphere a t  which t h e  t r a n s i t i o n  t o  a Doppler 
shape t a k e s  p l a c e  can be es t imated  fo l lowing  Rodgers and Walshaw (1966). 
A mixed l i n e  c o n s i s t s  of a Doppler c o r e  and Lorentz  wings. I f  t h e  l i n e  
i s  f u l l y  absorbed a s  f a r  ou t  as t h e  Lorentz wings, t h e  Doppler c o r e  
makes no c o n t r i b u t i o n  t o  t h e  t r ansmiss ion  g r a d i e n t .  The p o i n t  a t  which 
t h e  Lorentz wings begin  i s  given by 

k = k  
L VD V 

where k v ~  i s  t h e  Lorentz abso rp t ion  c o e f f i c i e n t  and k~~ i s  the  Doppler 
a b s o r p t i o n  c o e f f i c i e n t .  S u b s t i t u t i n g  t h e  complete expres s ions  f o r  t h e s e  
a b s o r p t i o n  c o e f f i c i e n t s ,  we o b t a i n  

k 
a - k L -  - 

v + aL a J J r  
x 2  

D 

where k i s  t h e  l i n e  i n t e n s i t y ,  v i s  measured from t h e  l i n e  c e n t e r ,  and a~ 
and aD a r e  t h e  Lorentz and Doppler ha l f -wid ths .  
aL/aD, (A- 2) becomes 

With x = V / ~ D  and y = 

2 
y = J n  (x2 + y2) e-x . (A- 3 )  

I f  t h e  c r i t e r i o n  of blackness i s  t aken  t o  be about 2 p e r c e n t  t r a n s -  
mis s ion ,  t h e n  a Lorentz l i n e  is "black" o u t  t o  t h a t  f requency  a t  which 
t h e  t r a n s m i s s i o n  i s  0.02, o r  

T = exp(-k m) = exp - (A- 4 )  V 

This  cor responds  t o  a v a l u e  of x g iven  by 

(A- 5 )  
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The amount of absorber ,  in, between a p r e s s u r e  l e v e l  p and t h e  top  of  t h e  
atmosphere,  a d  t h e  average  Lorentz  ha l f -wid th ,  a ~ ,  f o r  such a p a t h  a r e  
g iven  by 

where i s  the  Lorentz  h a l f - w i d t h  a t  STP. S u b s t i t u t i n g  t h e s e  v a l u e s  i n t o  
L1 
S 

(A- 5 ) ,  w e  o b t a i n  

L e t t i n g  7 = kwps/2KXL g, and combining (A-7) w i t h  (A-3), we o b t a i n  
S 

This  r e l a t i o n s h i p  determines t h e  h e i g h t  above which Doppler broadening 
must be cons idered .  According t o  Rodgers and Walshaw (1966), t h e  v a l u e  
of 7 f o r  t h e  15p C02 band i n  t h e  E a r t h ' s  atmosphere i s  1200. 
Mar t ian  C02 mass mixing r a t i o  of 0 .5  and g r a v i t a t i o n a l  a c c e l e r a t i o n  of  
373 c m  sec-2 ,  t he  v a l u e  of 7 i n  t h e  Mar t ian  atmosphere i s  2.9 x lo3 a s  
l a r g e ,  o r  3 . 5  x lo6 .  From ( A - 8 ) ,  we  t hen  o b t a i n  a v a l u e  of y equa l  t o  
1.62 x f o r  Mars' atmosphere.  S ince  

For  a 

3 a 
y = , =  1.62 x 10- , 

D 

and % = 7 x (Rodgers and Walshaw, 1966), t hen  % = 1.13 x 
The p r e s s u r e  l e v e l  i n  t h e  Mar t ian  atmosphere cor responding  t o  t h i s  v a l u e  
of  0% i s  g i v e n  by 

a! L 
P = -  

and i s  equal  t o  1 . 6 ~ 1 0 - ~ m b .  Thus,belpw(in h e i g h t ) p r e s s u r e  levels.  o f  1 . 6 ~ 1 0 - ~  
mb, t h e  n e g l e c t  of Doppler broadening i s  j u s t i f i e d .  F o r  a Mar t i an  atmos- 
phere s c a l e  h e i g h t  o f  9 km and s u r f a c e  p r e s s u r e  of 10 mb, t h i s  cor responds  
t o  a h e i g h t  of 58 km. 
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Figure 3.U. Geopotential differences between each of five geo- 
metric-altitude surfaces (from 200 to 1,000 km) at 
a reference latitude, and the same geometric-altitude 
surfaces at other latitudes, all as a function of 
latitude, from 0 to 90 degrees. 
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F i g u r e  3.2B. Geopo ten t i a l  d i f f e r e n c e s  between each  of s i x  geo- 
m e t r i c  a l t i t u d e  s u r f a c e s  (from 1,000 t o  10,000 km) 
a t  a r e f e r e n c e  l a t i t u d e  and t h e  same geometr ic -  
a l t i t u d e  s u r f a c e s  a t  o t h e r  l a t i t u d e s ,  a l l  as a 
f u n c t i o n  of l a t i t u d e s  from 0 t o  90 degrees .  
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SECTION PI1 

SPECIFIC DESCRIPTION OF TABLES 4 A  &W 4 B  

Tables 4A and 4 B  are formally arranged to present geopotential dif- 
ferences H$ - HR for various latitudes as a function of the second 
argument pair such that the differences Ha - HR are related to the 
integral values of HR through the non-integral values of ZR. 
cept of the variation of values of HQ - HR as a function of H implicit 
in the basic format of these tables provides the same difficufiy of com- 
prehension as that provided by the format of Tables 2A and 2B. Tables 
4A and 4 B  are more understandable when considered as the variation in the 
values of Ha - HR as a function of latitude (columns 3 through 9) for 
each member of a large set of equal-geometric-altitude surfaces ZR 
(column 2) equivalent at the reference latitude to a corresponding set 
of geopotential altitudes HR (column 1) expressed in integral multiples 
of one m/ or one km/. 

The con- 

Tables 4A and 4 B  are intended primarily to provide the geopotential 
adjustment required when atmospheric models expressed as a function of 
geopotential altitude at the reference latitude R are applied to other 
latitudes. 
of HR corresponding to geometric altitudes between sea level and 700 km. 
As in Table 3 no values of HS - HR are given for altitudes above 700 km. 

Column 10 of Table 4A contains values of HS - HR as a function of 

Figures 4.1A, 4.1B, 4.2A, and 4.2B provide the graphical represent- 
ations of the data of Tables 4 A  and 4B. In this instance, as in the 
previous cases, the figure notation follows that discussed for the figures 
associated with Tables 1A and 1B. No values of HS - HR are given in 
these figures. 
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TABLE 4A 

GEOPOTENI'IAL DIFFERENCES BETWEEN A SERIES OF GEOMETRIC-ALTITUDE SURFACES AT A 
REFERENCE LATITUDE AND THE SAME GEOMETRIC-ALTITUDE SURFACES AT OTHER LATITUDES, 

INCLUDING THOSE I N  THE US STANDARD ATMOSPHERE, ALL AS A FUNCTION OF THE 
GEOPOTENTIAL EQUIVALENT OF THE EQUAL GEOMETRIC-ALTITUDE SURFACES, 0 to 

1,000 km' 

GFOPO- CEOMET. LAT I TlJDE cP ( DEG 1 
T E N T I A L  ALTITUDE 0 15  3 0  45 6 0  7 5  90  

H (m' 1 R 2 (m) R 

0 .  0.0 
2 5 0 .  250.0 
5 0 0  . 500.0 
7 5 0  . 7 5 0 0 0  

1 0 0 0  . 1000 .1  
1 2 5 0 .  1250.2 
1 5 0 0 0  1500.3  
1 7 5 0 0  1750 .4  
?con . 2 0 0 0 0 6  
7 2 5 0 .  2250.7 

75f 'no 2 5 0 0 0 9  
2 7 5 0 .  2751.1  
7 0 0 0  3001.4 
3 3 5 0 0  325  1.6 
7 5 0 0  3501.9  
3 7 5 0 .  3 7 5 2  0 2  
4 0 0 0  . 4 0 0 2 0 5  
4 2 5 0 .  4 2 5 2 0 8  
4 5 0 0 0  4503.1 
4 7 5 0 .  4753.5 

5 0 0 0  0 

5 2 5 0 .  
5 5 0 0  
5 7 5 0 0  
6 0 0 0  0 

6350. 
6 5 0 0 0  
6 7 5 0 .  
7 0 0 0  0 

7 2 5 0 .  

7 5 0 0 .  
7 7 5 0 0  
8 0 0 0 .  
8 2 5 0 .  
8500. 
8 7 5 0 .  
9 0 0 0  0 

9 2 5 0 .  
9500 
9 7 5 0 .  

5003.9  
5254.3  
5504.7  
5 7 5 5  0 2  
6005.6 
6 2 5 6 0 1  
6506.6 
6 7 5 7 0 1  
7007.7  
7258.2  

-000 
-0.7 
-1  0 3  
-2  00 
-2.7 
- 3  04 
-4.0 
-4.7 
-5.4 
-6.0 

H -H 
c P R  
-0. G 
-0.6 
-1.2 
-1  0 7  
- 2 0 3  
-2.9 
-3.5 

-4.7 
- 4 0  1 

-5 0 2  

-6.7 - 5  .R 
-7 04 -6.4 
-8.0 -7.0 
- 8 0 7  -7.6 
-9.4 -8.2 

-10.1 -8.7 
-10.7 -9.3 

-12 .1  -1005  
-12.7 -11.1 

-11.4 -9.9 

cP-HR 

-0.0 
-0.3 
-0.7 
-1.0 
- 1  0 4  
-1  e7 
-2.1 
-2.4 
- 2  07 
-3.1 

-3.4 
-3.8 
-4.1 
-4.4 
-4.8 
-5.1 
-5.5 
-5.3 
-6.2 
-6.5 

-00 0.0 
-00  0 0 3  
-00 0 0 6  
-00 1.0 
- 0  1 1.3 
-01  1 0 6  
- 0  1 1.9 
-01  2 0 2  
- 0  1 2.5 -. 1 2.9 

-01  
-01  
- 0 2  
- 0 2  
-02  
- 0 2  
- 0 2  
- 0 2  
- 0 2  
-02  

-13.4 -1107 -6.8 - 0 2  
-14.1 -12.2 -7.2 -03  
-14.8 -12.8 -7.5 - 0 3  
-15.4 -13.4 -7.9 - 0 3  
-16.2 -14.0 -8.2 -03  
-16.8 -14.6 -8.6 - 0 3  
-17.4 - 1 5 0 2  -8.9 - 0 3  
-18.1 - 1 5 0 7  -9.2 -03  
-18.8 -16.3 -9.6 - 0 4  
-19.5 -16.9 -9.9 -04 

3.2 
3.5 
3 0 8  
4. 1 
4.4 
4 0 8  
5.1 
5 0 4  
5.7 
6.0 

R Hg-H 

0.0 
0.6 
1.1 
1.7 
2.2 
2.8 
3 0 4  
3.9 
4.5 
5.0 

H $-t iR H S - H ~  

000 -00  
0 0 6  -00 
1 0 3  -00  
1.9 -00  
2.6 -00 
3.2 -00 
3.9 -00 
4.5 -00 
5.2 -00 
5.8 -00  

5 06 6.5 -00 
6.2 7 .1  -00 
6 0 7  7 0 8  -00  
7.3 8.4 -00 
7.8 9 0 1  -00 
8.4 9.7 -00 
9.0 10.4 - 0 0  
9 0 5  11.c -00 

10.1 11.7 -00 
10.6 1 2 0 3  -00 

6.4 11.2 1 3 0 0  - 0 0  
607  11.8 13.6 -00 
7.0 12.3 14.3 -00 
7.3 1 2 0 9  14.9 -00 
7 0 6  13.4 15.6 -00 
8.0 1 4 0 0  16.2 - 0 0  
8.3 14.6 16 09 -00 
8.6 15.1 17.5 - 0 0  
8.9 15.7 1 8 0 2  -00  
9.2 1 6 0 3  18.8 -00 

7 5 0 8 0 8  -20.1 -17.5 -10.3 - 0 4  9.5 16.8 
7 7 5 9 . 4  - 2 0 0 8  -18.1 -10.6 - 0 4  9.9 17.4 
8010.0  -21.5 -18.7 -11.0 - 0 4  10.2 17.9 
8260.7  -22.2 -19.2 -11.3 - 0 4  10.5 18.5 
8 5 1 1 0 3  -22.8 - 1 9 0 8  -11.6 - 0 4  10.8 19.1 
8 7 6 2 0 0  -23.5 -20.4 -12.0 - 0 4  1 1 0 1  1 9 0 6  
9012.7  -24.2 -21.0 - 1 2 . 3  -05 11.5 20.2 
9 2 6 3 0 4  -24.8 -21.6 -12.7 - 0 5  11.8 20.7 
9514.2  -25.5 -22.2 -13.0 - 0 5  12.1 21.3 
9764 .9  -26.2 -22.8 -13.4 - 0 5  12.4 21.9 

19.5 
20.1 
20.8 
21.4 
22.1 
22.7 
23.4 
24.0 
24.7 
2 5 0 3  

-00 
-00 
-00  
-00 
-00 
-00 
-00 
-00  
-00 
-00 
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GEOPO- 
T E N T  I AL 

HR( m/) 

1 0 0 0 0  . 
1 0 2 5 0 .  
1 0 5 0 0 .  
1 0 7 5 0 .  
1 1 0 0 0 .  
1 1 5 0 0 .  

1 2 0 0 0 .  
1 2 5 0 0 .  
13000  
1 3 5 0 0 .  
1 4 0 0 0  
1 4 5 0 0 .  

1 5 0 0 0 .  
1 5 5 0 0 .  
1 6 0 0 0 .  
1 6 5 0 0  
1 7 0 0 0 .  
1 7 5 0 0  
1 8 0 0 0 .  
1 P 5 0 0 .  
1 soon. 
1 9 5 0 0  

2 0 0 0 0  
2 0 5 0 0 .  
21000. 
2 1 5 0 0 .  
7 7 0 0 0  . 
2 7 5 0 0 .  
2 3 0 0 0  
2 3 5 0 0  
2 4 0 0 0  
2 4 5 0 0  

7 5 0 0 0  
3 5 5 0 0  . 
7 6 0 0 0  
2 6 5 0 0 .  
2 7 0 0 0  
2 7 5 0 0 .  
2 8 0 0 0  
2 8 5 0 0 .  
2 9 0 0 0  
2 9 5 0 0  

GEOMFT 
ALT I T l J D E  

7 (m 1 R 
10015.7  
10266.5  
10517.3  
10768.2  
11019.0  
11520 .8  

12022.6  
12524.6  
13026.6  
13528.7  
14030.9  
1 4 5 3 3  1 

15035 .4  
15537.8  
16040 .3  
1 6 5 4 2  0 9  
17045.5 
17548.3  
18051.1  
18553 .9  
19056 .9  
19560.0  

20063.1  
20566.3  
21069.6  
21572.9 
2 2 0 7 6  -4 
2 2 5 7 9  - 9  
23083.5 
23587 .1  
24090.9  
24594.7 

25098.7  
25607.7  
26  1 0 6  -7 
26610 .9  
2 7 1  15.1 
27619.4  
28  123.8 
2 8 6 2 8  3 
29132.9 
29637.5  

0 

'@ -HR 

-26.9 
-27.5 
-28.2 
-28.9 
-29.6 
-30.9 

-32.2 
-33  m6 
-34.9 
-36.3 
-37.5 
-39.3 

-40.3 
-41.7 
-43.0 
-44  e 4  

-45.7 
-47  . 1 
- 4 8  - 4  
-49 . 8 
-51.1 
-52  e 5  

-53.8 
-55.2 
-56.5 
-57.9 
-59.2 
-60.6 
-61 - 9  
-63.3 
- 6 4  7 
-66.0 

-67  e 4  

-68.7 
-70.1 
-71  e 4  
-72.8 
-74.1 
-75  e5 
-76.9 
-78.2 
-79 e 6  

TABLE 4 A  CONTINUED 

1 5  

R ti@ -H 

-23 3 
-23.9 
-24.5 
-25.1 
-25.7 
-26. 8 

-28.0 
-29. 2 
-30.4 
-31.5 
-32.7 
-33.9 

-35.0 
-36  2 
-37 4 
-38 6 
-39.7 
-40  . 9 
-42.1 
-43.2 
-44.4 
-45.6 

-46.8 
-47.9 
-49. 1 
-50.3 
-51.5 
-52.6 
-53.8 
-55.0 
-56  2 
-57.3 

-58 5 
-59.7 
-60.9 
-62. 0 
-63.2 
-64. 4 
-65.6 
-66  8 
-67 9 
-69. 1 

LATITUDE @ 
3 0  

R H @ - t i  

-13.7 
-14.0 
-14.4 
-14.7 
-15  1 
-15.8 

-16.5 
-17.1 
-17.8 
-18.5 
-19.2 
-19.9 

-20.6 
-21.3 
-21.9 
-22.6 
-23.3 
- 2 4  0 
-24.7 
-25  a 4  

-26.1 
-26.8 

-27.5 
-28  1 
-28.8 
-29  5 
-30.2 
-30.9 
- 3 1  - 6  
-32.3 
-33.0 
-33.7 

-34.4 
-35.0 
-35 - 7  
-36  m4 
-37  1 
-37.8 
-38  5 
-39.2 
-39.9 

4 5  

%-H R 

-.5 
-.5 
-.Ij 

-.5 
-e6  
-e6  

- * 6  
-.6 
-07 
- 07 
-.7 
-.7 

-e8  
-.8 
-.8 
- *  8 
-.9 
-.9 
-e9  
-.9 

-1 - 0  
-1 e o  

-1 .O 
-1 .O 
-1.1 
-1.1 
-1.1 
-1.1 
-1 - 2  
-1 - 2  
-1 - 2  
-1.2 

-1.3 
-1  - 3  
-1 - 3  
-1 - 3  
-1 .4 
-1 e 4  
-1 - 4  
-1 - 4  
-1 e 5  

-40.6 -1.5 

( DEG 1 
6 0  

'4 -HR 

12.7 
13.0 
13.4 
13.7 
14.0 
14.6 

15.3 
15.9 
16.6 
17.2 
17.8 
18.5 

19.1 
19.8 
20.4 
21.0 
21.7 
22.3 
23.0 
23.6 
24.2 
24.9 

25.5 
26.2 
26.8 
27.4 
28.1 
28.7 
29.4 
30.0 
30.6 
3 1  - 3  

31.9 
32 m6 
33.2 
33.8 
34.5 
35.1 
35.8 
36.4 
37.1 
37.7 

7 5  

'@ R 

22.4 
23.0 
2 3  -6  
24.1 
24.7 
25.8 

26.9 
28.0 
29.2 
30.3 
31.4 
32.5 

33.7 
34.8 
35.9 
37.1 
38 .2  
3Y.3 
40 .4  
41.6 
42.7 
43.8 

44.9 
46.1 
47.2 
48.3 
49.5 
50.6 
51.7 
52.8 
54 .0  
55.1 

56.2 
57.4 
58.5 
59.6 
60.8 
61 .9  
63 .0  
64.2 
65.3 
66.4 

9 0  

H@-H R 

26.0 
26.6 
27.3 
27.9 
28 .5 
29.9 

3 1  e 2  

37.5 
33.8 
35.1 
36 m 4  
37 - 7  

3 0  .O 
40.3 
4 1  e6 
4 2  m9 
44.2 
45.5 
46.8 
48  e2 
49.5 
50.8 

52.1 
5 3  e f t  

54.7 
56  0 0  
57.3 
58  - 6  
59.3 
61.2 
62.5 
6 3  - 8  

6 5  0 2  
66.5 
67.8 
6 9 . i  
70 .4  
71.7 
73.0 
74 .3  
7 5  - 6  
77.0 

HS-H 

- e o  

-.O 
- m u  
- e o  

-.o 
-.o 
-. 0 
- *  G 
-.o 
-.G 
-.O 
-.o 

- * @  
-mC 
-.O 
-.o 
-.c 
-.o 
- . 3  
- e o  

- . 0 
- e o  

-.G 
-.o 
- . 0 
-.3 -. 0 
- e 3  
-.9 
-.O 
-.o 
-.o 

-.o 
- e o  

-.rl 
-.3 
- e o  

- e o  -. 0 
-.o 
-.O 
-.o 
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TABLE 4 A  CONTINUED 

GEOPO- 
TFNT Iki 

HR( m/) 

30000  
3 0 5 0 0 .  
3 1  0 0 0 .  
3 1 5 0 0 .  
3 2 0 0 0 .  
33000 . 
3 4 0 0 0  
3 5 0 0 0  
3 6 0 0 0  . 
3 7 0 0 0  
3 8 0 0 0  
3 9 0 0 0  . 
4 0 0 0 0  . 
4 1 0 0 0 .  
4 7 0 0 0  
4 3 0 0 0  
4 4 0 0 0  
4 5 0 0 0  
4 6 0 0 0  
4 7 0 0 q  
4F1OOr) 
4 9 0 0 0  

5 0 0 0 3  
5 1 0 0 0 .  
5 2 0 0 0  
5 3 0 0 0 .  
5 4 c 0 0  
5 5 0 0 0 .  
5 6 0 0 0  
5 7 0 0 0  
5 8 0 0 0 .  
5 9 0 0 0  

6 0 0 0 0  
6 1 0 0 0 .  
62001) 
6 3 0 0 0  
6 4 0 0 0  
6 5 0 0 0  
6 6 0 0 0  
6 7 0 0 0  
6 8 0 0 0  . 
69000 

GFOYET 
AL T 1 TGDE 

R‘m’ 

30142 .2  
30647.U 
3 1  1 5 1  0 9  
31656.8  
32161.9  
33177.7 

34182.8 
3 5  1 9 3  0 7  
36205.0  
3 7 2 1 6  0 6  
38228.5  
79240.7  

40253.2  
4 1 2 6 6  0 1  
42279.3  
43292.8  
4 4  306  0 6  
45320 .8  
46335.3  
47  350  a 0  
4 8  365 2 
4 9  38 0 a6 

50396 .3  
5 1 4 1 2  a4 
52428.8  
5 3 4 4 5  0 6  
54462.6  
55480.0  
56497.7 
5 7 5  15  0 7  
58534 .0  
59552.7  

6 0 5 7 1  a7 
6 1 5 9 1 0 
6 2 6  1 0  a6 
63630.6  
64650.9  
6 5 6 7 1  0 5  
6 6 6 9 2  0 4  
6 7 7  13  0 6  
6 8 7 3 5 . 2  

0 

R H4 -H 

-80.9 
-82  0 3  
-83.6 
-85  .@ 
-86.3 
-89 .1  

- 9 1  0 8  
- 9 4  . 5 
-97.2 
-99.Q 

-102.6 
-105.4 

-108.1 
-110.8 
-113.5 
-116.1  
- 1  1 9  0 0  
-121.7 
-124.5 
-127.2  
-129.5, 
-132.7 

-135.4  
-178.1  
-140 .9  
-143.6 
-146.? 
-149.1 
-151.8  
-154.6 
-157.3 
-160.0 

-162.8  
-165.5 
- 1 6 8  3 
- 1 7 1  a 0  
-173.8 
-176.5 
-179.3 
-182.0 
-184.8 

1 5  

H $-H 

-70.3 
-71.5 
-72.7 
-73.8 
-75.0 
-77.4 

-79.7 
-82.1 
-84.5 
-86.8 
-89.2 
-91.5 

-93  a9 
-96  3 
-98.6 

-101.0 
-103.4 
-105.8 
-108.1 
-110.5 
-112.5, 
-115.2 

-1 17.6 
-120.0 
-122.4 
-124.8 
-127.1 
-129.5 
-131.9 
-134.3 
-136.7 
-139.0 

-141.4 
-143.8 
-146.2 
-148.6 
-151.0 
-153.4 
-155.8 
-1 58 . 2 
-160.5 

R 

6 9 7 5 7 . 1  -187.5 -162.9 

LAT I TUDE 0 ( DEG 1 
30 4 5  6 0  

-41.3 -1.5 
-42.0 -1.5 
-42.7 -1.6 
-43.3 -1.6 
-44.0 -1.6 
-45 .4  -1.7 

-46.8 -1.7 
-48.2 -1.8 
-49.6 -1.8 
-51.0 -1.9 
- 5 2 . 4  -1.9 
-53.7 -2.0 

-55.1 -2.0 
-56.5 -2.1 
-57.9 -2.1 
-59.3 -2.2 
-60.7 -2.2 
-62.1 -2.3 
-67.5 -2.3 
-64.9 -2.4 
-6603. -2.4 
-67.7 -2.5 

-6901 -2.5 
-70.5 -2.6 
-71.9 -2.6 
-77.2 -2.7 
-74.6 -2.7 
-76.0 -2.e 
-77.4 -2.8 
-78.8 -2.9 
-80.2 -2.9 
-81.6 -3.0 

-83.0 -3.0 
-84.4 -3.1 
-85.8 -3.1 
-87.2 -3.2 
-88.6 -3.2 
-90.0 -3.3 
-91.5 -3.3 
-92.9 -3.4 
-94.3 -3.4 
-95.7 -3.5 

38.3 
39.0 
39.6 
4 0  0 3  
40.9 
42  a2 

43.5 
44.8 
46.1 
47  04 
4 8  0 6  
49.9 

5 1  a 2  
52 0 5  
53.8 
55.1 
5 6  a 4  
57.7 
59  a 0  

60.3 
61 a6 
62.9 

64.2 
65.5 
66.8 
68 .1  
69.4 
70.7 
72.0 
73.2 
74.5 
75.8 

77.2 
78.5 
79.8 
81.1 
8 2  a 4  
83.7 
85.0 
86.3 
87.6 
88.9 

7 5  

H$-H R 
67.6 
68.7 
69.8 
70 .9  
72.1 
74.4 

76.6 
78 .9  
81.2 
83.4 
85.7 
88 .0  

90.2 
92.5 
94.8 
97.1 
99.4 

101.6 
103.9  
106.2 
108.5 
11o.e 

113 .0  
115.3  
117.6 
119.9 
122.2 
124.5 
126.8 
129.0  
131.3 
1 3 3 0 6  

135.9  
138.2 
140.5 
142.8 
145.1 
1 4 7 0 4  
149.7 
152.0 
154.3 
156.6 

90  

H$ -H R 
78.3 
79.6 
80.9 
82  0 2  
83.5 
86.1 

88 a 8  
9 1  a 4  

9h.O 
96.7 
99.3 
101 09 

104.6 
107 0 2  

112.5 
115.1  
117.7 
120.4 
123.0 
125.7 
128 3 

131.0 
133 0 6  
136.3 
138.9 
141.5 
144.2 
146.8 
1 4 9  5 
1 5 2 . 2  
154.8 

109 .e 

157.5 
160.1 
162 a 8  
165 0 4  
168 1 
170.8 
173  a4 
176 1 
178 7 
1 8 1  0 4  

s-% 
- a 0  
-.O 
-.o 
-.o 
-00 -. 0 

-.o 
-00 
-00 
-.o 
-.o 
-.o 

-.c 
- a 0  
-.o 
- 0 0  
-00 
-.o 
-.o 
- 0  1 
- a  1 
- a  1 

- 0  1 
- 0  1 
- 0  1 
- 0  1 
- a  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 
- 0  1 

- a  1 
- 0  1 -. 1 
- 0  1 
- 0  1 -. 1 
- 0  1 
- 0  1 -. 1 
- 0  1 
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TABLE 4 A  CONTINUED 

GEOME T LAT IT IJDE @ ( D E ( ; )  
Ai i 1 Ti jDE 0 i 5  3 0  4 5  60 

1 0 1 5 9 8  0 2  
103663.3  
105729.7 
1 07 7 9 7 5 
109866.6 
111937.0 
1 1 4 0 0 8  0 7  
1 1 6 0 8  1.7 
118156.1 
120231.8 

122308.8 
1 2 7 5 0 7  0 3  
132714.0 
137929.2 
143152.7 
148384.7 
15  3 6 2  5 0 
158873.9 
1 6 4 1  3 1 1 
169396.9 

-165.3 
-167.7 
-170.1 
-172.5 
- 1 7 4 0  9 
-177.3 
-179.7 
- 1 8 2 0  1 
-184.5 
- 1 8 6 0 9  

-189.3 
-191.7 
-1 '>40 1 
- 1 9 6 0 5  
-198.9 
-201.4 
- 2 0 3 0 8  
-206 2 
-208.6 
-211.0 

-213.4 
-218.2 
- 2 2 3 0  1 
-227 .9  
- 2 3 2 0 8  

- 2 3 7 0 6  
- 2 0 2 . 4 
- 2 4 7 0  3 
-252.2 
-257.0 
- 2 6 1 0 9  
- 2 6 6 0 7  
- 2 7 1 0 6  
-276 5 
-281.4 

- 2 8 6 0 2  
-298 5 
-310.7 
-323.0 
-335.3 
- 3 4 7 0 6  
-359.9 
-37203 
-384.7 
-397 1 

-97.1 
-98.5 
-YY.Y 

-101 .? 
-102.7 
-104.1 
-105.5 
-106.9 
- 1 0 8 0 3  
-109  0 7  

-111.2 
- 1 1 2 0 6  
- 1  14.0 
- 1 1 5 . 4  
-1l6.E 
-118.2 
- 1 1 9 0 6  
-121.1 
-122.5 
-1 2 3 S' 

-125.3 
-128.1 
-131.0 
-133.8 
-136.7 

-139.5 
-142  o l b  

- 1 4 5 . 2  
-148  1 
-150.9 
-153.e 
-156.6 
- 1 5 9 0 5  
-162.3 
-165.2 

- 1 6 8 0 1  
-175.2 
- 1 8 2 0 4  
-189.6 
- 1 9 6 0 8  
- 2 0 4 0  1 
-211.3 
-718.6 
-225.e 
- 2 3 3 0 1  

H -ti 
S R  -. 1 
- 0  1 -. i -. 1 -. i 
- 0  1 -. 2 
- 0 2  
- 0 2  
- 0  2 

-02 
- 0 2  
-.2 
- 0 2  
-02 
-.2 
- 0 2  
-.2 
- 0 2  
-.2 

-.2 
- 0  2 
-02 
- . '3 
- 0  3 

- 0  3 
- 0 3  
- 0 3  

- 0  3 
- 0  3 

- 0 4  
- 0  4 
-.4 
- 0  4 
- 0 4  

- 0 4  
- 0  5 
- 0  5 
- 0 6  
- 0  6 
- 0  7 
- 0  8 
- 0  8 
- 0  9 

-1.0 
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TABLE 4 A  CONTINUED 

GFOPO- GEOMET. L A T I T U D E  @ 
TFNT 14L  ALT!T!!DE 0 15 39 45 

Y R ( h r )  ( m )  H -H H@-H H - H R  H@-HR 
R 0 R  R 0 

1 7 0 .  174671.2  -471.4 -409.5 -240.4 -8.8 
1 7 5 .  179954.0  -485.7 - 4 2 1 0 9  -247.7 -9.1 
1 8 0 .  185245.4  -500.0 -434.4 -255.1 -9.3 
1 8 5 .  190545.4  -514.4 -446.9 -262.4 -906 
1 9 0 .  195853 .9  -528.8  -459.4 -26907 -9.9 
1 9 5 .  2 0 1 1 7 1 0 1  - 5 4 3 . 3  -472.0 -277.1 -10.1 

206496.9  
2 1 1 8 3 1  a3 
2 17  1 7 4  0 5  
222526.3  
227886.8  
2 3 3 2 5 6  1 
738634 .2  
2 4 4 0 2  1.0 
2 4 9 4  1 6  0 7  
2 5 4 8 2 1  0 2  

2 5 0 0  260234.5 
755. 265656.7 
7 6 0 .  271087.8  
2 6 5  0 276527.8  
7 7 0 .  281976.7  
2 7 5 .  287434.7  
2 8 0  2 9 2 9 0 1  0 5  
2 8 5 0  298377.4  
2 9 0  3 0 3 8 6 2  0 4  
7 9 5 0  309356.3 

-557.8 
-572  0 2  
-586.8 
- 6 0 1  0 3  
-615.9  
-630.5 
- 6 4 5  1 
- 6 5 9  8 
- 6 7 4  5 
-689.2 

-703  0 9  
-718.7 
-733.5 
-748  3 
-763.2 
- 7 7 8  00 
- 7 9 2  9 
-807  09 
- 8 2 2  08 
-877.8 

3 0 0 .  
3 1 0 .  
3 2 0 .  
3 3 0  
3 4 0  . 
3 5 0 .  
3 6 0  0 

3 7 0  . 
3 8 0  . 
3 9 0  

314859.4  -852.8 
325892.7  -882.9  
336962.7  -913.1 
3 4 8 0 6 9  0 4  -943  0 4  
3 5 9 2 1 2 0 9  -973.8 
370393.6  -1004.4 
381611.6  -1035.0  
392867 .1  -1065.8 
404160 .2  -1096.6 
415491 .1  - 1 1 2 7 0 6  

4 0 0 .  426860.2  
4 1 0 0  4 3 8 2 6 7 0 4  
4 2 0 .  449713 .1  
430. 461197 .4  
4 4 0 0  472720.5  
4 5 0 .  484282.7  
4 6 0  495884 .0  
4 7 0 0  507524.8  
4 8 0 .  519205.2  
4 9 0  530925 .4  

68 

- 1  158.6 
- 1  1 8 9  0 8  
-1221.1  
-1252.5 
-1284.0  
-1 3 1 5  0 6  
-1347.3 
-1379.1 
-1411.1 
-1443.1  

-48406  
-497 1 
-509.8 
-522.4 
-535.1 
-547 0 8  
-560.5 
-573.2 
-586  0 
-598.7 

-284 5 
-291 a9 
-299 0 3 
-306 a7 
-314.2 
-32106 
-329 1 
-336 5 
-344 0 0 
-351 5 

-10.4 
- 1 0 - 7  
-10.9 
-11.2 
-11.5 
-11  08 
- 1 2  .O 
-12.3 
-12.6 
-12.8 

- 6 1 1 0 5  -359.0 -13.1 
-624.4 -366.6 -13.4 
- 6 3 7 0 2  -374.1 -13.7 
-650.1  -38107 -13.9 
-663.0 -389.3 -14.2 
-675.9 -396.9 -14.5 
-688.9 -404.5 -14.8 
-701.9 -412.1 -15.1 
- 7 1 4 0 8  -419.7 -15.3 
- 7 2 7 0 9  -427.4 -15.6 

-740.9 
-767 1 
-793 . 3 
-819.6 
-846 1 
-872.6 
-899.2 
-925.9 
-952.7 
-979  6 

-1006.6 
-1033.7 
-1  0 6 0  0 9  
-1 088.2 
-1115.5 
- 1  1 4 3  0 
-1170.5 
-1198.2 
-1225.9 
- 1 2 5 3 0 7  

-435.0 -15.9 
-450.4 -16.5 
-465.7 -17.0 
-481.2 -17.6 
-496.7 -18.2 
-512.3 -18.8 
-527.9 -19.3 
-543.6 -19.9 
-559.4 -20.5 
-575.2 -21.0 

-591.0 -21.6 

-622.9 -22.8 
-638.9 -23.4 
-6 54 9 -2'3 9 
-671.1 -24.5 
-687.3 -25.1 
-703.4 -25.7 

-736.1 -26.9 

- 6 0 6 0 9  - 2 2 0 2  

-719.7 -26.3 

( DEG 1 
60 

H -H 
@ R  

223 .4  
230.2 
237.0 
243  0 8  
250.6 
257.5 

2 6 4 0 3  
271.2 
278.1 
285.0 
2 9 1  0 9  
298.8 
305.7 
312.7 
319.6 
326.6 

333.6 
3 4 0 0 6  
347 06 
354.7 
3 6 1  07 
368.7 
375.8 
382.9 
390.0 
397.0 

404.2 
418.4 
432  0 8  
447 1 
4 6 1  0 5  
476.0 
4 9 0 0 5  
505 1 
5 1 9 0 7  
534.4 

5 4 9  1 
5 6 3  0 9  
578.7 
5 9 3  06 
608.5 
623.5 
638.5 
653.7 
668.8  
684.0  

7 5  

H@ -" R 
393.5 
4 0 5  5 
4 1 7 0 5  
4 2 9  5 
441.5 
453.6 

4 6 5 0 6  
477.8  
489.9 
502.0 
514.2 
526 .4  
538.6 
550.8 
563.1 
575.4 

587.7 
600 .0  
612 .4  
6 2 4 0 8  
637 .1  
649.6  
6 6 2 . 0  
6 7 4 0 5  
687.0 
699.4  

712 .0  
737 .1  
7 6 2 0 4  
787.7 
813 .1  
838.5  
8 6 4 0 1  
8 8 9 0 8  
915.5 
941.4  

967.3 
993.4  

1019.5 
1045.7 
1072.0 
1098.4  
1 1 2 4 0 9  
1151.5 
1178.1  
1204.9  

90 

455.9 -1.1 
469.8 -1.1 
483.7 -1.2 
497.6 -1.3 
511.5 - 1 0 4  
525.5 -1.5 

539.5 -1.6 

567.6 -1.8 
581.6 -2.0 
595.7 -2.1 
6 0 9 0 8  -2.2 
624.0  -203 
638.2  -2.5 

553.5 -1.7 

652.4 -2.6 
666.6 -2.8 

6 8 0 0 9  -2.9 
6 9 5 0 2  -3.1 
709.5 -3.3 
723.8 -3.4 
738.2 -3.6 
752.6 -3.8 
767.0 -6.0 
781.4  -4.2 
795.9  -4.4 
810.4 -4.6 

824.9 -4.8 
8 5 4 0 0  -5.3 
883.2 -5.8 
912.6 -6.3 
942.0 -609 
971.5 -7.5 

1001.2 -8.1 
1030.9 -8.8 
1060.7 -9.5 
1090.7 -10.3 

1120.7 -1101  
1150.9 -11.9 
1181.1 -12.8 
1211.5 -13.7 
1 2 4 2 0 0  -14.7 
1272.6 -15.7 
1303.2 -16.8 
1334.0 -17.9 
1364.9 -19.1 
1395.9 -20.4 



TABLE 4 A  CONCLUDED 

GEOPO- GEOMET. L A T I T U D E  Q ( D E G )  
TFNT I A L  A L T  I TtJDE 0 i 5  3 0  43 6 0  7 5  Y O  

ZR( m) R Ho-% HQ -H R Ho-H H -H Q R  H -H Q R  R HQ -H ti -H 
Q R  

H -H 
S R  

5 0 0  5 4 7 6 8 5  0 6  
5100 554486.1  
5 2 0 0  566377.0  
5 3 0 0  578208.5  
5 4 0 0  590130.9  
5 5 0 0  602094 .4  
5 6 0 0  614099.1  
5 7 0 0  626145 .3  
5 8 0 0  638233 .3  
5 9 0 0  6 5 0 3 6 3 . 1  

-757.5 
- 7 6 8 0 9  
-785.5 
-802  0 0 
- 8 1 8 0 7  
-835.3 
- 8 5 2 0 0  
-868 0 8  
-885 .6  
- 9 0 2 0 5  

6 0 0  6 6 2 5 3 5  1 
6 1 0 0  674749 .4  
6 2 0 .  6 8 7 0 0 6 0 4  
6 3 0 0  6 9 9 3 0 6 0 1  
6 4 0  7 1  1 6 4 8  0 8  
650. 724034.8  
6 6 0 .  7 3 6 4 6 4 0 4  

6 8 0 .  7 6 1 4 5 4 0 8  
6 7 0 0  748937 .6  

6 9 0 0  774016 .2  

-1092.0 -39.9 1c14.7 
-1109.6 - 4 0 0 6  103100 
- 1 1 2 7 0 2  -41.2 1047.3 
- 1 1 4 4 0 8  -41 0 8  1063.8  
-116205  - 4 2 0 5  1 0 8 0 0 2  
-118003  - 4 3 0 1  1C96.7 
-119802  -4308 1 1 1 3 0 3  
-1216.0 - 4 4 0 4  1 1 3 0 0 0  
- 1 2 3 4 0 0  -4501  1146.6  
- 1 2 5 2 0 0  -4508  1163.3  

8 0 0 .  
820.  
8 4 0 0  
8 6 0 0  
8 8 0 .  
9 0 0 0  
9 2 0 0  
9 4 0  0 

9 6 0  0 

9 8 0  0 

915174.8  -2489.8  
941442.7 -2560 .9  
967901 .0  -2632.3 
994551.8  -2704.3 

1021397.3  - 2 7 7 6 0 7  
1048439.5  - 2 8 4 9 0 5  
1075680 .8  - 2 9 2 2 0 7  
1103123 .1  - 2 9 9 6 0 5  
1 1 3 0 7 6 8  0 9  - 3 0 7 0  0 5  
1158620 .3  - 3 1 4 5 0 1  

2408  0 4  
2477  3 
2546.5 
2616  1 
2 6 8 6  1 
2 7 5 6 0 5  
2 8 2 7 0 4  
2898  0 7 
2970.4 
3042 5 

1 0 0 0 0  1 1 8 6 6 7 9 0 8  -3220.0  - 2 7 9 7 0 5  - 1 6 4 2 0 5  -60.0 1 5 2 6 0 2  2688.6 
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TABLE 4 B  

GEOPOTENTIAL DIFFERENCES BETWEEN A SERIES OF GEOMETRIC-ALTITUDE SURFACES AT A 
REFERENCE LATITUDE AND THE SAME GEOMETRIC-ALTITUDE SURFACES AT OTHER LATITUDES, 

ALL AS A FLJCTION OF TIIE GEOPOTENTIAL EQUIVALENT 
OF THE EQUAL GEOMETRIC-ALTITUDE SURFACES, 0 to 3,900 km' 

GFnPO GEOMFT 
T F N T I A L  ALT IT IJDF 0 

1 2 P 3 .  1479 .24  
1779 .  1509.75  
1 7 4 0 .  1540 .50  
1260. 1571 .49  
1 2 8 9 .  1602 .73  
1300. 1634.21  
1720. 1665 .94  
1 3 4 0 .  1697.92  
1 3 6 0 .  1730.16  
1 3 8 0 .  1762.66  

1 4 0 ( ! .  1795 .42  
1 4 2 0 .  1828.45 
144CI. 1861 .74  
1 4 6 0 .  1895 .31  
1 4 8 0 .  1929.15 
1500.  1963.27 
1 5 2 0 .  1997.67  
3546'. 2032 .36  
1 5 6 0 .  2067 .34  
158C.  2102.61  

- ? e 9 9  
-4.07 
-4. 1 5  
-4.23 
-4.31 
-4- 4 0  
-4.48 
-4.56 
-4.64 
-4.73 

-4.81 
-4.89 
-4.98 
-5.06 
-5.15 
-5 . 7 3  
-5  32 
-5.41 
-5  . 4 9  
-5.5e 

1 6 O C a  2138.18 -5.67 
1 6 2 6 .  217!+.05 -5.76 
1 6 4 0 .  2210 .22  -5.85 
1 6 6 0 .  2246.70 -5.94 
1 6 8 0 .  2283.49  -6.03 
1 7 0 0 .  2320.60  -6.12 
1 7 2 0 .  2358 .03  -6.21 
1 7 4 0 .  2395.78  -6.30 
1 7 6 6 .  2433.86  -6.39 
1730. 2472.28  -6.48 

1 5  

ti @-HR 

-2 8 0  
-2 86 
-7.93 
-3.00 
-7 .  G b  
- 3 .  13 
-3.20 
-3.26 
-7.33 
-3.40 

-3 . 47 
-3.54 
-3.61 
-3.68 
- 3  . 7 5  
-3.82 
-3.89 
-3  96  
-4.03 
-4.11 

-4 .  18  
-4.25 
-4.33 
-4.40 
-4  047 
-4.55 
-4.62 
-4.70 
-4  . 7 7  
-4.85 

-4.93 
-5 . 0 0  
-5 08  
-5.16 
-5.23 
- 5 . 3 1  
-5 -39  
-5 047 
-5.55 
-5.63 

L A T I T U D E  @ ( D E G )  
3 0  

H o  -H 

- 1  a 6 4  
-1  0 6 8  
-1  072 
-1 0 7 6  
-1.80 
-1 0 8 4  
- 1  - 8 8  
-1.92 
-1 a96 
-2 e00 

-2  0 4  
-2.08 
-2.12 
-2 1 6  
-2.20 
-2 24  
-2.28 
-2 e 33  
-2  37 
- 2 - 4 1  

R 

-2 0 4 5  
-2.50 
- 2 - 5 4  
-2  58  
-2.63 
-2 a67 
- 2  0 7  1 
-2 a76 
-2  080 
-2.85 

-2.89 
-2  - 9 4  
-2  a98 
-3.03 
-3 a07 
-3.12 
-3.17 
-3.21 
-3.26 
-3.31 

45  

H @-H R 

-0G6 
-a 0 6  
- 0 0 6  
- 0  0 6  
- 0 0 7  
-007  
-a07  
-a 0 7  
-007  
-007  

-a07  
- a 0 8  
- 0  08 
- a 0 8  
- a  0 8  
-a08 
-a 08 
- 0 0 9  - -09  
- 0  0 9  

- 0  09 
-.CY 
- 0  0 9  
- a 0 9  -. 10 -. 1 0  -. 1 0  -. 1 0  
- 0  1 0  -. 1 0  

-011 
- a 1 1  
- a 1 1  
-011 
- 0 1 1  
-011 -. 1 2  
-a12  
-012  -. 1 2  

6 0  

-HR 

1.53 
1.56 
1.60 
1.63 
1 067 
1 .71  
1 .74  
1.78 
1 082  
1.86 

1.89 
1.93 
1.97 
2.01 
2 0 0 5  
2.08 
2.12 
2.16 
2.20 
2.24 

2.28 
2.32 
2.36 
2 0 4 0  
2 .44  
2 0 4 8  
2.52 
2.56 
2.60 
2.65 

2 a69  
2.73 
2.77 
2.81 
2.86 
2 0 9 0  
2.94 
2 099 
3.03 
3.07 

7 5  

H @-H R 

2.69 
2.75 
2.8 1 
2.88 
2.94 
3.01 
3 - 0 7  
3.14 
3.20 
3.27 

3.33 
3.40 
3.47 
3.54 
3.60 
3.67 
3.74 
3.8 1 
3.88 
3.95 

4.02 
4.09 
4.16 
4.23 
4 .30  
4.37 
4 e 4 4  
4.52 
4.59 
4.66 

4.73 
4.8 1 
4 .88  
4.96 
5 - 0 3  
5.1 1 
5.18 
5.26 
5.34 
5.41 

9 0  

HQ -H R 

3.12 
3.19 
3 - 2 6  
3.34 
3.41 
3.48 
3.56 
3 - 6 3  
3.71 
3 - 7 9  

3.86 
3 -94 
4.02 
4.10 
4 - 1 7  
4.25 
4.33 
4.41 
4.49 
4.57 

4.65 
4.73 
4 - 8 2  
4.90 
4.98 
5.06 
5.15 
5 - 2 3  
5.32 
5 0 4 0  

5.49 
5 - 5 7  
5 - 6 6  
5 - 7 4  
5.83 
5 - 9 2  
6.00 
6 - 0 9  
6.18 
6.27 
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GEOPO GEOMET 
T E N T i A L  ALT!TUDE 0 

HR(  kml) ZR( km) H o - H ~  

1800. 2511.03 -6.57 
1 8 2 0 .  2550.12  -6.66 
1 8 4 0 .  2589.56 -6.76 
1 8 6 0 .  2629.35  -6.85 
1 8 8 0 .  2669.50  -6.94 
1 9 0 0 .  2710 .00  -7.04 
1 9 2 0 .  2750.88 -7.17 
1 9 4 0 .  2792.12  -7.23 
1 9 6 0 .  2833.73  -7.32 
19eO.  2875.73  -7.42 

2 0 0 0 .  2918.11  -7.52 
2 0 2 0 .  2960.89  -7 .61  
2 0 4 0 .  3004.C6 -7.71 
2 C 6 0 .  3047.63 -7 .81  
2 0 8 0 .  3091 .61  -7.91 
2 1 0 0 .  3136.00 -8.01 
2120.  3180.81 -8.11 
2 1 4 0 .  3226.05 -8 .20  
2 1 6 0 .  3271.71  -8.30 
2 1 8 0 .  3317.82  -8.40 

7 7 0 0 .  
7 2 7 0 .  
2 2 4 0  
2 2 6 0 .  
2 2 8 0 .  
2 3 0 0  
2 3 2 0 .  
2 1 4 0 .  
7 3 6 0 .  
2 3 8 0 .  

2 4 0 0 .  
2 4 7 0  
7 4 4 0 .  
2 4 6 0  
2 4 8 0  
2 5 0 0 .  
2 5 2 0 .  
2 5 4 0 .  
2 5 6 0  
2 5 8 0 .  

3364.37  
3411.37  
3458.82  
3506.74  
3555.13  
3 6 0 3  099 
3653  3 4  
3703  1 9  
3753 .51  
3804.37 

3855.73  
3907.62  
3960.03  
4012.98 
4 0 6 6  4 8  
4120.53  
4175 .14  
4 2 3 0 .  3 3  
4286.10  
4 3 4 2  046 

-8.51 
-8.61 
-8.71 
-8.81 
-8.91 
-9.02 
-9.12 
-9.22 
-9.33 
-9 4 3  

-9 . 5 4  
-9.64 
-9.75 
-9.86 
-9.96 

-10.07 
-10.18 
-10.28 
-10.39 
-10.50 

T A B L E  

15  

R Ha -H 

-5.71 
-5.79 

-5.95 
-6 03  
-6.12 
-6.20 
-6.28 
-6 36 
-6 0 4 5  

-6.53 
-6.62 
-6.70 
-6.79 
-6.87 
-6 96 
-7. 04  
-7.13 
-7.22 
-7.30 

-7.39 
-7.48 
-7.57 
-7.66 
-7.74 
-7.83 
-7 092 
-8 mol 
-8.10 
-8 020 

-8 m 2 9  
-8 38 
-8 .47 
-8.56 
-8 0 6 6  
-8 075 
-8.84 
-8 0 9 4  
-9  03 
-9.13 

-5.87 

4 8  CONTINUED 

LAT I TlJDE 4 ( D E G  1 
30 

ti 6% 

-3 35 
-3.40 
-3.45 
- 3  .49 
-3.54 
- 3  . 59  
-3.64 
-3  069 
-3.74 
- 3  .79 

-3.83 
-3.88 
-7.93 
-3.98 
-4.03 
- 4  08  
-4.13 
-4.19 
-4 24  
-4.29 

-4 . 34 
-4 . 39 
-4 . 44  
-4.49 
-4 .55  
-4.60 
-4.65 
-4.71 
-4.76 
-4.81 

-4  m87 
-4.92 
-4.97 
-5.03 
-5 m08 
-5.14 
-5 1 9  
-5.25 
-5.30 
-5.36 

6 0  

Ho-H R 

3.12 
3.16 
3.20 
3.25 
3.29 
3.34 
3.38 
3.43 
3.47 
3.52 

3.56 
3.61 
3.66 
3.70 
3.75 
3.80 
3.84 
3.89 
3.94 
3.99 

4.03 
4.08 
4 .  1 3  
4. 1 8  
4.23 
4.28 
4.32 
4.37 
4.42 
4.47 

4.52 
4.57 
4.62 
4.67 
4.72 
4.78 
4.83 
4.88 
4.93 
4.98 

7 5  

H@-H R 

5 049  
5.57 
5.64 
5.72 
5.80 
5 .88  
5 096 
6.04 
6.12 
6.20 

6 .28  
6.36 
6 .44  
6 .52  
6 . 6 1  
6 m69 
6.77 
6.85 
6.94 
7 .02  

7.1 1 
7 .19  
7 .28  
7.36 
7 .45 
7 .53  
7.62 
7 . 7 1  
7 .79  
7.88 

7.97 
8 .06  
8.14 
8 .23  
8.32 
8 .41  
8.50 
8.59 
8 0 6 8  
8 m78 

9 0  

% -HR 

6.36 
6 045 
6.54 
6 m63 
6.72 
6.81 
6.90 
7.00 
7 .09  
7.18 

7.28 
7.37 
7.46 
7.56 
7.65 
7.75 
7.84 
7.94 
8.04 
8 .14  

8.23 
8.33 
8.43 
8.53 
8 * 6 3  
8.73 
8.83 
8.93 
9.03 
9.13 

9.23 
9.33 
9 .44  
9.54 
9 - 6 4  
9.75 
9.85 
9.96 

10.06 
10.17 
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CEOPO 
T E N T I A L  

% (Ian') 

2600. 
2620. 
2640 
7660 
268 0 
2700. 
27206 
2740 
2760. 
2780 

2800 
2820. 
2840. 
2860 
2880. 
2900 
2920. 
2940 
2960. 
2980. 

3000. 
3020. 
3040 
7060. 
3080. 
3100. 
3120. 
3140. 
3160. 
3180. 

3200. 
3220. 
3240. 
3260. 
3280. 
3300. 
3320. 
3340. 
3360. 
3380. 

GEOMET 
A L T I T U D E  0 

4399.42 
4456 99 
4515.18 
4574.00 
4633.46 
4693.57 
4754.33 
4815.78 
4877.90 
4940.72 

-10.61 
-10.72 
-10.83 
-10.94 
-11.05 
-11.17 
-1 1 28 
-11.39 
-11.50 
-11.62 

5004.25 -11.73 
5068.49 -11.84 
5133.47 -11.96 
5199.19 -12.07 
5265.67 -12.19 
5332.91 -12.30 
5400.94 -12.42 
5469.76 -12.54 
5539.39 -12.65 
5609.85 -12.77 

5681.15 -12.89 
5753.30 -13.0 
5826.33 -13.1 
5900.24 -13.2 
5975.05 -13.4 
6050.78 -13.5 
6127.45 -13.6 
6205.07 -13.7 
6283.66 -13.8 
6363.24 -14.0 

6443.83 -14.1 
6525.44 -14.2 
6508.11 -14.3 
6691 084 -14.5 
5676.66 -14.6 
6862.59 -14.7 
6949.65 -14.8 
7037.87 -14.9 
7127.26 -15.1 
7217.86 -15.2 

TABLE 

15 

H $-H 

-9.22 
-9.32 
-9.41 
-9.51 
-9.60 
-9.70 
-9.80 
-9.90 
-9.99 

-10.09 

R 

-10 19 
-10.29 
-10.39 
-10.49 
-10.59 
-10.69 
-10 079 
-10.89 
-11.00 
-11.10 

-11.20 
-11.3 
-11.4 
-11.5 
-11.6 
-11.7 
-11.8 
-11.9 
-12.0 
-12.1 

-12.2 
-12.4 
-12.5 
-12.6 
-12.7 
-12.8 
-12.9 
-13.0 
-13.1 
-13.2 

48 CONTINUED 

LATITUDE ( D E G )  
30 

-HR 

-5.41 
-5.47 
-5.53 
-5 058 
-5.64 
-5.70 
-5 075 
-5.8 1 
-5.87 
-5.93 

-5.98 
-6.04 
-6.10 
-6.16 
-6.22 
-6.28 
-5.34 
-6.40 
-6.46 
-6.52 

-6.58 
-6.6 
-6.7 
-608 
-6.8 
-6 09 
-6.9 
-7.0 
-7. 1 
-7.1 

-7.2 
-7.3 
-7.3 
-7.4 
-7.4 
-7.5 
-7.6 
-7.6 
-7.7 
-7.8 

45 

R 
- 0  20 
-020 
-020 
-020 
-021 
-021 
-021 
-021 
-021 
-022 

-022 
-022 
-022 
-023 
-023 
-023 
-023 
- 0  23 
-024 
-024 

-024 
- 0  24 
-024 
-025 
- 0  25 
-025 
-025 
-026 
- 0  26 
- 0  26 

-026 
- 0  27 
- 0  27 
0 .  27 
-e27 
-027 
- 0  28 
-028 
- 0  28 
-e28 

60 

H 4 -Hg 

5.03 
5.09 
5.14 
5. 19 
5.24 
5.30 
5.35 
5 040 
5 046 
5.51 

5.56 
5.62 
5.67 
5.73 
5.78 
5.84 
5.89 
5.95 
6.00 
6.06 

6. 11 
6.2 
6.2 
6.3 
6.3 
6.4 
6.5 
6.5 
6.6 
6.6 

6.7 
6.7 
6.8 
6.9 
6.9 
7.0 
7.0 
7.1 
7.2 
7.2 

75 

Hd) R 

8.96 
8.87 

9.05 
9.14 
9.24 
9.33 
9.42 
9.52 
9.61 
9.71 

9.80 
9.90 
9.99 
10.09 
10.19 
10.28 
10.38 
10.48 
10.58 
10.67 

10.77 
10.9 
11.0 
11.1 
11.2 
11.3 
11.4 
11.5 
11 e6 
11.7 

11.8 
11.9 
12.0 
12.1 
12.2 
12.3 
12.4 
12.5 
12.6 
12.7 

90 

H ~ - H  R 

10.27 
10.38 
10 049 
10.59 
10.70 
10.81 
10.92 
11.03 
11.14 
1 1  e25 

11.36 
11.47 
11.58 
11.69 
11.80 
11.91 
12.03 
12 14 
12.25 
12.37 

12.48 
12.6 
12.7 
12.8 
12 09 
13.1 
13.2 
13.3 
13.4 
13.5 

13.6 
13.8 
13.9 
14.0 
14.1 
14.2 
14.4 
14.5 
14.6 
14.7 
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GEOPO GEOMFT 
T t N T I A L  A L T I T U D E  0 

3400 
34200 
3440. 
34600  
7480. 
3 5 0 0 .  
3 5 7 0 .  
3540. 
3560. 
3580. 

3630. 
3620. 
7640. 
3660 0 

3680 
3700. 
3720. 
3740 
3760. 
3780. 

7309.7 -15. 
7407.7 -15. 
7497.1 -16. 
7592.7 -16. 
7689.7 -160 
7783.1 -16. 
7887.8 -160 
7988.9 -16. 
8091.5 -16. 
8195.6 -16. 

8301.2 -17. 
8408.3 -17. 
8517.0 -17. 
9627.3 -17. 
8733.2 -170 
8852.9 -17. 
8968.2 -17. 
9085.4 -18. 
9204.3 -18. 
9325.1 -18. 

3800. 9447.e -18. 
3 8 3 0 .  9572.4 -18. 
3840. 9698.9 -18. 
3860. 9827.6 -18. 
3880. 9958.2 -19. 
3900. 10091.1 -19. 

TABLE 

15 

H+ -H R 
-13. 
-13. 
-14. 
-14. 
-14. 
-14. 
-14. 
-14. 
-14. 
-14. 

-14. 
-15 
-150 
- 1 5 0  
-15 
-15. 
-15. 
-15. 
-15 
-15 

-16 
-16 
-16. 
-16 
-16. 
-16 

4R CONCLIJDED 

LAT I TUDE 4 (DEC 1 
30  

H $-H 

-7 08 
-7.9 
-8.0 
-8.0 
-8.1 
-8.2 
-8.2 
-8.3 
-8.4 
-8.4 

-8.5 
-8 06 
-8.6 
-8.7 
-8.8 
-8 08 
-8.9 
-9.0 
-9.0 
-9.1 

R 

I 

-9.2 
-9.2 
-9.3 
-9.4 
-9.4 
-9.5 

6 0  

He-H R 
7.3 
7.3 
7 04 
7.5 
7.5 
7.6 
7.6 
7.7 
7.8 
7.8 

7 09 
8 00 
8 00 
8.1 
8.1 
8.2 
8.3 
8.3 
8 e 4  
8.5 

8.5 
8.6 
8.7 
8.7 
8.8 
8.8 

75 

H+-H R 
13 
13. 
13. 
13 
13. 
13 
13. 
14 
14 
14 

14 
14 
14. 
14. 
14 
14 
15 
15 
15 
15 

15 
15 
15 
15 
15 
16 

9 0  

'@ -' R 
15. 
15. 
15. 
15. 
15. 
15. 
16. 
16. 
1 6  
16  

16  
1 6  
16  
16. 
17  
17. 
17. 
17. 
17. 
17  

17. 
18 
18. 
18  
18. 
18 . 
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Figure 4 . 1 A .  Geopotential differences between geometric-altitude 
surfaces at a reference latitude, and the same geo- 
metric altitude surfaces at seven other latitudes, 
all as a function of the geopotential equivalent of 
the equal geometric-height surfaces, 0 to 1,000 km'. 
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Figure 4.1B. Geopotenti81 differences between geanetric-altitude 
surfaces 8t 8 reference latitude, and the 8- geanetric- 
altitude surfacer at seven other l8titudes all a6 a 
function of the geopotential equivalent of the equal 
georrctric-height surfaces; 0 to 10,OOO km'. 
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F i g u r e  4 . 2 A .  Geopo ten t i a l  d i f f e r e n c e s  between each  of g i v e  geometric- 
a l t i t u d e  s u r f a c e s ,  expressed  i n  t h e  e q u i v a l e n t  g e o p o t e n t i a l  
(200 t o  1000 km') at a r e f e r e n c e  l a t i t u d e ,  and t h e  same 
f i v e  s u r f a c e s  at other  l a t i t u d e s ,  a l l  as a f u n c t i o n  of 
l a t i t u d e  from 0 t o  90 degrees .  
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F i g u r e  4.2B. Geopo ten t i a l  d i f f e r e n c e s  between each  of seven geometr ic -  
a l t i t u d e  s u r f a c e s  expres sed  i n  t h e  e q u i v a l e n t  g e o p o t e n t i a l  
(200 t o  1,000 km’) a t  a r e f e r e n c e  l a t i t u d e ,  and t h e  same 
seven s u r f a c e s  a t  o t h e r  l a t i t u d e s ,  a l l  a s  a f u n c t i o n  of 
l a t i t u d e  from 0 t o  90 degrees .  
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SECTION VI11 

UNCERTAINTY CONS IDERATIONS 

The method employed in relating geopotential H and geometric alti- 
tude Z in the United States Standard Atmosphere is very sophisticated and 
is assumed to involve a very small error between H and Z. The closeness 
of fit between the empirically derived values, HS and Zs, and the cor- 
responding Standard Atmosphere values, H and Z, respectively, implies a 
similarly small error between HS and Zs. 
the relationships between HR and Z R ,  between HR and Z$, between ZR 
and Ha,  or between Z R  and H a ,  as presented in this document, is a con- 
siderably simpler but somewhat less accurate one than that employed in 
the Standard. 
be considered to be approximately 6Z and 6HR,  the uncertainties in ZR 
and HR respectively, resulting from %e less precise computational func- 
tion employed in obtaining these values. 
the value of ~ H R  is seen to be less than one geopotential meter for alti- 
tudes of 175 km and below, and is seen to increase to 33.2 geopotential 
meters at 700 km altitude. 
about 40 meters for values of HR equivalent to ZR = 700 km. 

The method employed in computing 

Consequently, the differences (Zs - ZR) and HS - HR) may 

HR' From the tabulations of HS- 

From Zs - ZR, the value of 6 Z R  is seen to be 

While values of ~ H R  and 6 Z R  are thus known, the values of 6H4 and 
6 Z @ ,  the uncertainties in Ho and Z a  respectively are not known, and could 
not be determined without a recalculation of the values of H 
using the techniques employed in the calculation of the Stan8ard Atmosphere. 
It is reasonable to assume, however, that the values of 6H$ and 6 Z $  are 
similar in magnitude but not necessarily in sign to the values of 6 H R  
and 6 Z R  respectively. Accordingly one may assume that, for latitudes 
O o ,  150, 30°, 60°, 75O, and 900, the uncertainties in the differences 
(ZQ - ZR) are of the order of 26zR2 ,  while the uncertainties in the dif- 
ferences (Ha - HR) are of the order of 26HR.  

and Za 

With such assumptions, the uncertainties in the differences (Ha - HR) 
for latitudes 30° and 60' are seen to range from about 1 percent at 200 km 
to about 6.8 percent at 700 km. Determined in this manner the percentage 
uncertainties in the differences (Ha - HR) and (Za - ZR) for the latitudes 
more remote from the reference latitude are smaller than for latitudes 
30° and 60° since the differences are greater. 
that the estimated values of 6H$ and 6Za for the latitudes more remote 
from the reference latitude might also be greater for these latitudes. 

It is quite possible, however, 

Latitude 45' is so close to the reference latitude R that the uncer- 
tainty in Ha for this altitude must be very nearly identical with the 
value of 6HR and the uncertainty in the difference (H@ - HR) for @ = 45O 
must be very small. 
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S i g n i f i c a n t  F i g u r e s  

For a l t i t u d e s  below 1000 km (Tables lA, 2A, 3A, and 4 A )  t h e  r e s u l t s  

It i s  appa ren t  from t h e  d i s c u s s i o n  of u n c e r t a i n t y  i n  
of t h e  c a l c u l a t i o n s  a r e  given t o  the n e a r e s t  t e n t h  of a meter (geometr ic  
o r  g e o p o t e n t i a l ) .  
t h e  t a b u l a t e d  v a l u e s  of H+ - HR o r  Z+ - ZR t h a t  t h e  appa ren t  p r e c i s i o n  
impl ied  by t h e  t a b u l a t i o n s  t o  one t e n t h  of a meter i s  unwarranted f o r  
a l t i t u d e s  above 80 km. Tabu la t ions  t o  t h e  n e a r e s t  meter a r e  s i m i l a r l y  
unwarranted above about  200 km, whi le  t a b u l a t i o n s  t o  t h e  nearest:  10 
meters a r e  unwarranted above 500 km. 
ZR t o  one t e n t h  of a meter was j u s t i f i a b l y  r e t a i n e d  t o  a l t i t u d e s  of 
700 km, however, i n  o r d e r  t o  o b t a i n  c o r r e c t  v a l u e s  of t h e  u n c e r t a i n t i e s ,  
(Hs - HR) and (ZS - ZR), which do warrant t h e  0 .1  meter t a b u l a t i o n s .  
Between 700 and 1000 km t h e  same format i n  HR and ZR was r e t a i n e d  f o r  
t h e  sake  of un i fo rmi ty  a lone .  

The value of HS - HR, t h a t  i s  GHR,if i t  were a v a i l a b l e  f o r  a l t i t u d e s  

The l i s t i n g  of values of HR and 

\ 

of abou t  1000 km, would probably be c l o s e  t o  100 meters and could  be 
expec ted  t o  i n c r e a s e  t o  t h e  o r d e r  of k i l o m e t e r s  a t  h i g h e r  a l t i t u d e s .  
Consequently, f o r  a l t i t u d e s  above 1000 km, t h e  format of t h e  t a b l e s  has  
been changed so  t h a t  a l l  v a l u e s  a r e  p re sen ted  i n  k i l o m e t e r s  r a t h e r  t han  
i n  meters. Furthermore,  t h e  number of s i g n i f i c a n t  f i g u r e s  i n  t h e  d i f -  
f e r e n c e s  H+ - HR and Z@ - ZR i s  decreased t o  f o u r  o r  t h r e e  f o r  geometr ic  
a l t i t u d e s  between 1000 and 3600 k m  and is  f u r t h e r  reduced t o  two f o r  
g r e a t e r  a l t i t u d e s .  From 1000 t o  3600 km t h e  n o n - i n t e g r a l  member of t h e  
argument p a i r  i s  t a b u l a t e d  t o  t h e  n e a r e s t  hundredth of a k i lome te r ,  
w h i l e  a t  g r e a t e r  a l t i t u d e s  i t  i s  t a b u l a t e d  t o  t h e  n e a r e s t  t e n t h  of a 
k i l o m e t e r  . 

80 



REFERENCES 

1. ICAO (International Civil Aviation Organization), 1954 
The ICAO Standard Atmosphere - Calculations by NASA 
NACA Tech Note 3182, Langley Aeronautical Lab. Langley Field, Va. 

2. Minzner, R.A. and Ripley, W.S. , Dec. 1956 
The ARDC Model Atmosphere, 1956 
Air Force Surveys in Geophysics No. 86, AFCRC IN-56-204. 

3. Minzner, R.A. , Ripley, W.S. and Condron, T.P., 1958 
United States Extension to the ICAO Standard Atmosphere 
United States Government Printing Office, Washington, D.C. 

4. Minzner, R.A. , Champion, K.S.W. and Pond, H.L. , 1959 
The ARDC Model Atmosphere, 1959 
Air Force Surveys in Geophysics, No. 115 , AFCRC-TR-59-267. 

5. United States Standard Atmosphere, 1962. 
National Aeronautics and Space Administration, United States 
Air Force and United States Weather Bureau, Government Printing 
Office, Washington, D.C. 

6. Cole, A.E. and Kantor, A.J. , Dec 1963 
Air Force Interim Supplemental Atmospheres to 90 Kilometers. 
Air Force Surv. Geophys. , 153, AFCRL-63-936. 

7. Harrison, L.P., 1951 
Relation Between Geopotential and Geometric Height. 
Unpublished Paper Adapted for Smithsonian Meteorological Tables, 
Sixth Ed. , Edited by R.S. List, pp 217-218, Washington, D.C. 

8. List, R.S., Editor, 1951 
Smithsonian Meteorological Tables , Sixth Ed. 
Publication 4014, Smithson. Misc. Collec. V114, Washington, D.C. 

9. Jacchia, L.G. , Dec. 1964 
Static Diffusion Models of the Upper Atmosphere with Empirical 
Temperature Profiles. 
Smithsonian Inst. Astrophysical Observatory, Special Report 170. 

10. Minzner , R. A. , 1966 
Standard Atmosphere Suppliments, 1966 
GCA Tech Rpt., 66- -A, Final Rpt. Cont. Af19(628)-6085 in Prep. 

81 



REFERENCES (continued) 

11. Minzner, R.A., 1966 
Studies of Atmospheric Structure and variability of the Earth's 
Atmosphere, GCA Tech. Rpt. 66-14-N, Final Report, Contract NASW-1225. 

12. Committee on Extension of the Standard Atmosphere (COESA), 1966 
United States Standard Atmosphere Supplements, 1966. 
Government Printing Office, Washington, D.C. (To be published). 

82 



APPENDIX A 

VALUES OF r4 AND g4 EMPLOYED I N  THE CALCULATION 
OF GEOPOTENTIAL AT VARIOUS LATITUDES 

45' 32' 33" 

O0 

15' 

30' 

45O 

60' 

75' 

goo 

6,356,766 

6,334,984 

6,337,838 

6,345,653 

6,356,360 

6,367,103 

6,374,972 

6,377,862 

9.80665 

9.78036 

9.7838 1 

9.79324 

9.80616 

9.81911 

9.82860 

9.83208 
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APPENDIX B 
PROGRAM FOR TABLE 2 
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'APPENDIX C 
PROGRAM FOR TABLE 4 
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